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ABSTRACT 


This thesis addresses the design, development and oper- 
ational analysis of a D.C. powered semiconductor laser diode 
drive unit. A laser diode requires an extremely stable 
power supply since a picosecond spike of current or power 
supply switching transient could result in permanent damage. 
The design offers stability and various features for opera- 
tional protection of the laser diode. The ability to inten- 
sity modulate (analog) and pulse modulate (digital) the 
laser diode output for data transmission was a major design 
consideration. Laser optical power is controlled via a 
Closed loop system using a monitor photodiode. Laser diode 
temperature stabilization is accomplished with the use of a 
thermoelectric cooler. Laboratory and remote applications 


were considered in the design of this unit. 
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I. INTRODUCTION 


A. PURPOSE OF THESIS/BACKGROUND INFORMATION 

This thesis is a subset of ongoing research projects at 
the Naval Postgraduate School which involve the design and 
development of a long haul, underwater fiber-optic communi- 
cations link. The particular aspect addressed involved the 
design, development, and operational analysis of a D.C. 
powered, semiconductor laser drive unit. Of primary impor- 
tance in the design is the requirement for low power con- 
sumption and high reliability to support long-life remote 
operation without battery replacement. Other desired fea- 
tures incorporated into the design are discussed throughout 
this qe 

Continuous wave semiconductor laser diodes are advanced 
devices in which the light excited by the drive current is 
confined to a very narrow region of the semiconductor crys- 
tal. This creates a highly directional and coherent light 
source which is very nearly monochromatic. Since these 
devices operate at extremely high internal field strengths, 
a picosecond spike of current or power supply switching 
transient could turn the laser into a side emmiting LED or, 
worse yet, burn it up altogether. For this reason, continu- 
ous wave semiconductor lasers require an extremely stable 


power supply. 


B. DRIVE UNIT REQUIREMENTS/DESIRED SPECIFICATIONS 

The desired specifications and capabilities are that 
the unit be able to drive a wide variety of semiconductor 
lasers and also be capable of analog modulation rates of ap- 
proximately 300 MHZ or greater. Output control of the laser 
is via current control or optical power control (with the use 
of a monitor photodiode). Current limiting protective 
circuitry for the laser diode is also a highly 
desirable feature. Temperature stabilization of the 
laser is accomplished by the use of a thermoelec- 
tric cooler. Each of these specifications and features 
will be discussed in much greater detail throughout 
this paper.. 

The Control and Display aspect of this project is 
an integral part of this unit. The display unit centers 
around a digital multimeter. The DMM readout is switchable 
to the various parameters controlled by the laser drive 
unit. These parameters consist of current limit, thermo- 
electric cooler setpoint temperature, laser bias level, 


laser drive current, and optical power. 


C. PROJECT OVERVIEW 

The next chapter discusses semiconductor laser diode 
characteristics and desired performance for use in optical 
broadband transmission systems. Then, the manufacture 


and architecture of the laser diode and considerations 


involving source wavelength is discussed. A brief discus- 
Sion of laser diode reliability is brought up primarily as 
background information for use in driver circuit design 
considerations. The laser diode being utilized in this re- 
search is described with emphasis on features particular to 
that laser diode. One of the major features of the 
LASERTRON laser diode is the incorporation of a thermoelec- 
tric (TE) cooler into the 14 pin DIP. Because of the great 
importance of maintaining relatively low and steady tempera- 
tures of laser diodes, and the incorporation of the TE cool- 
er directly onto this chip, an in-depth review of the theo- 
ry, manufacture, and implementation of thermoelectric cool- 
ers and the Peltier effect is undertaken. Turning to modu- 
lation and encoding of optical signals using laser diodes 
aS a source, various modulation techniques are discussed 
and considerations made for implementation in the laser 
drive circuit design. It is hoped that at the conclusion of 
chapter two, the reader will possess a basic background and 
understanding of semiconductor lasers and drive requirements 
for implementation in a long haul communications link. 
Chapter Three is the heart of this research and design 
work. It is here that ideas and characteristics reviewed in 
chapter two are finalized and implemented in the drive unit. 
A basic description and block diagram of the layout and op- 


eration of this project begins this chapter. A description 


of each section of the unit beginning with the power supply 
is given. Power supply requirements (i.e., required 
voltages, total load, etc.) are reviewed and a circuit 
design capable of supporting the required specifications of 
the unit is presented. Following this is a description of 
the Control and Display circuit. This part of the unit 
displays control parameters such as current limit and laser 
bias point, and is also used to display a digital readout 
of drive current, optical power, and temperature of the 
laser. An examination of the laser driver circuitry and 
modulation circuitry with a complete description and opera- 
tional analysis concludes this chapter. Schematic diagrams 
of each sub-unit mentioned above are included in chapter 
three. 

Chapter Four describes various operational procedures 
and unit setup. This includes a description of recommended 
parameters for initial startup and unit performance analy- 
sis procedures. This chapter also includes an interesting 
section on wavelength tuning of the laser via laser operat- 
ing temperature control utilizing the thermoelectric cooler. 

Chapter Five discusses the varied applications of 
this D.C. powered laser drive unit. The chapter highlights 
the flexibility of the design for use not only in a labora- 
tory environment, but also in remote applications such as 


underwater fiber-optic transmission systems. A discussion 


of possible configuration changes that may need to be imple- 
mented to adapt to different applications is undertaken. 
Chapter Six summarizes the research and design effort 
and reiterates the goals of the thesis and the net results. 
This section also looks into possible improvements to the 
design or follow on work in order to enhance performance 
and/or improve on ancilliary features. Considerations for 
adaptation to very wideband (DC - several GHz) transmission 


systems will be discussed. 


Il. SEMICONDUCTOR LASER DIODES 


A. BACKGROUND AND CHARACTERISTICS 
Semiconductor laser diodes are primarily utilized as 
source transmitters in optical broadband transmission sys- 
tems. Their small size, relatively high level of efficien- 
cy, narrow spectral width, and high modulation rate capacity 
provides superior performance characteristics relative to 
other light sources (mainly LED’s). Optical coupling into 
fibers is also superior. The primary requirements for the 
employment of semiconductor laser diodes in a broadband 
transmission system can be summarized as follows 
(Ref.1:p.22]: 
1. Modulation capacity of several GHz 
2. Overall power consumption should be low (i.e., low 
threshold current, low forward voltage, high 
efficiency) 


3. Low intensity noise 


4. Laser diode should exhibit single mode (SM) 
characteristics 


5. Little sensitivity to optical feedback in the laser 
6. Far field pattern should allow high coupling 
efficiency into SM fiber 
B. PROPERTIES/MANUFACTURE OF SEMICONDUCTOR LASERS 
Semiconductor III-V compounds GaAlAs and InGaAsP are 
used to manufacture semiconductor lasers. The emission 


wavelength of GaAlAs is approximately 0.8 to 0.92 um, while 


InGaAsP emits at wavelengths ranging from 0.92 um to 1.65 
um, depending on material thickness, composition and doping 
levels. The emission wavelength is determined by the band- 
gap energy (Eg), in eV, of the recombination region of the 
semiconductor material. This wavelength (in um) can be de- 


termined from the following equation ([Ref. 2:p. 11]: 
\ = 1.2/E, (2-1) 


The material parameters can also be adjusted to either 
obtain optimal peak optical power output in pulsed opera- 
tion, or to reduce threshold current to a minimum required 
for CW laser operation. In this paper, the primary concern 
will be CW laser operation. 

The semiconductor compounds mentioned above are grown 
epitaxally ona GaAs or InP substrate. This produces 
multi-layer structures, with each layer differing in compo- 
sition. The transition between layers is referred to as a 
heterojunction. Figure 2.1 shows the basic structure of a 
semiconductor laser of typical dimensions (Ref. l:p. 23]. 
The ability to manufacture these heterostructures allows 
current densities at reduced levels to permit continuous 
operation of the laser diode. The layers are set up to 
allow light to make the equivalent of several passes through 


a low gain active region (optically amplifying) between n 


and p type confinement layers. This forms an optical reso- 
nator with parallel front and rear surfaces acting as re- 
flectors which are formed by the cleaved facets of the 


crystal. This structure forms a Fabry-Perot resonator. 


stripe contact 


P.Al.Ga..,ASs 
Gads (active region) 





Figure 2.1. Basic Semiconductor Laser Structure 
(from Ref. 1) 


The easiest method of confinement is to make the elec- 
trical contact on the crystal as narrow as possible (several 
um). This then injects charge carriers into the active 
region over a narrow stripe. This produces a gain profile 
in which light is amplified inside the center region and 
absorbed outside the region. This method of manufacture 


produces what is known as a Gain-Guided laser. A major 


drawback of this process is that it results in high thresh- 
old currents of 80-300 mA (Ref. l:p. 23], primarily due to 
the optical absorption losses in the external region (i.e., 
in the region without gain). In general, the output of a 
gain-guided laser will consist of several frequencies cen- 
tered on a nominal frequency as shown in figure 2.2. The 
frequency spacing 4 is determined by the spacing of the 
front and rear reflective surfaces (L), and is given by 


[Refs 3:p. 17]: 
Avy =c/ 2L (2-2) 


where Ay is the frequency spacing and c is the speed of 


light (vacuum). 


= = ~a 


Figure 2.2. Typical Spectral Output of a Semiconductor 
Diode (from Ref. 3) 


In a Slightly altered structure, the active region is 
surrounded by material with a lower refractive index. The 
charge carriers are guided transversally by means of poten- 
tial barriers. Due to a high concentration of current in- 
side the active region, combined with effective index guid- 
ance of the light, this design permits much lower threshold 
currents (10 - 20 mA) [Ref. l:p. 24]. This type of laser is 
referred to as a Buried Heterostructure (BH) Laser. Figure 
2.3 shows a detailed structure of both the gain guided and 
BH lasers. A LASERTRON QLM-1300-SM-BH laser was employed 
for all testing of the drive unit designed in this research. 
A complete description (along with specifications) of the 


Lasertron laser diode is included in Chapter Three. 
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Figure 2.3. Detailed Structure of a) Gain Guided and 
b) Buried Heterostructure lasers (from Ref. 1) 
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A laser diode is characterized by a threshold current, 
Ipmy, below which lasing does not occur. Above In, the 
carrier lifetime is very short (this allows high modulation 
rates via low rise times), emission spectra is on the order 
of a few nanometers, and the external quantum efficiency 
becomes relatively high. The power-current curve of laser 
diodes, however, frequently exhibit slope changes known as 
kinks. The origin of these kinks could possibly be defects 
in the junction region, producing lasing in filaments. 
Another cause of the non-linearity could be the result of 
lateral mode changes in the laser. Narrow planar stripe 
lasers normally operate ina single lateral mode near thres- 
hold. As a result of increasing current to near saturation, 
more modes may appear. The power output in the fundamental 
mode tends to saturate and the second mode then becomes 
dominant. The major problem resulting from the non-linear- 
ities in the power-current curve is that of harmonic distor- 
tion and intermodulation of multiple signals carried on an 
analog communications system link. From this discussion it 
is obvious that operation of the laser diode in a linear 


region is critical to effective and efficient performance of 


an optical communications link. 


C. SOURCE WAVELENGTH CONSIDERATIONS 
Since a primary employment of semiconductor lasers is 


in fiber-optic communications links, it is highly desirable 
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to optimize the performance of all elements of the fiber- 
optic system, including the optical fiber. The range of 
wavelengths output from InGaAsP lasers is between 0.92 um 
and 1.65 um as discussed earlier. This is a particularly 
Suitable range as can be seen from figure 2.4(a) and 2.4(b). 
Figure 2.4(a) is an aggregate plot of the attenuation of 
light in a Single mode fiber (silica) as a function of wave- 
length. This attenuation occurs due to the scattering and 
absorption of light. The scattering losses can be attribu- 
ted to density variations in the fiber with a periodicity 
less than the wavelength of the light resulting in the curve 
labeled Rayleigh Scattering (predominant at shorter wave- 
lengths). Optical absorption losses arise from the impuri- 
ties in the fiber (i.e., copper, iron, nickel, chromiun, 
and hydroxl ions) and the basic fiber material itself. 

These absorption losses, therefore, provide a minimum at- 
tainable loss for any specific fiber material and as can be 
seen, occur primarily at the UV and IR wavelengths. 

Figure 2.4(b) shows various dispersion curves as a func- 
tion of wavelength. Curve A represents the fiber material 
dispersion, curve B the waveguide dispersion and curve C 
the total chromatic dispersion. It can be seen that the sum 
of the material and waveguide dispersion curves yield curve 
C which has a zero crossing at approximately 1.3um. This 


represents the wavelength at which total dispersion 
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(in ps/km-nm) is zero. This results in maximum data rate 
capability and fiber bandwidth utilization. As can 

be determined from these graphs of fiber loss and 

fiber dispersion, the lowest attenuation occurs at wave- 
lengths of approximately 1.55 um (0.2 - 0.3 dB/km) while 

the zero dispersion wavelength is in the area of 1.3 um 
(0.4 - 0.5 @aB/km). Therefore, the system designer must 
make a tradeoff as to what measure of performance must be 
optimized. If low losses over long distances is the primary 
concern, then a source wavelength of 1.55 um would be util- 
ized. If maximum utilization of channel (fiber) bandwidth is 
of primary importance, then a source wavelength of 1.3 um 
would be employed in the system. Recent advances in fiber 
technology, however, have allowed control of the zero dis- 
persion wavelength of a type of fiber known as dispersion 
shifted fiber. The zero dispersion point can be shifted to 
higher wavelengths (namely 1.55 um) by appropriate levels of 
doping of the silica material with germanium. The use of 
these fibers then allows high data rate transmission over 
long distances at a source wavelength of 1.55 um. 

Cost is not of major concern when considering a source 
between 1.3 um and 1.55 um. Both lasers fall into the 
long wavelength category (>1 um) and the significant jump in 
cost from short wavelength (<1 um) to long wavelength has 


already occurred. Of course there is a large difference in 
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cost between LED’s and lasers (as much as one order of maq- 
nitude). For long distance, high data rate systems, long 


wavelength sources are a must for competitive performance. 
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Figure 2.4. Silica Fiber a) Loss Curves b) Dispersion 
Curves (from Ref. 1) 


D. SEMICONDUCTOR LASER RELIABILITY 

Semiconductor laser reliability is of a primary concern 
as a system is only as reliable as its weakest element. In 
this section, we will briefly examine laser diode reliabil- 
ity and the various sources and mechanisms of laser degrada- 
1 Ko) o We will then discuss various methods in which to 
improve laser lifetimes and operating efficiency, includ- 
ing drive circuit design, operation, and handling. 

Laser life is limited by catastrophic damage (facet 
damage) or gradual degradation. The first consists of dam- 


age to the mirror caused by excessive optical flux density, 
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and the second is a function of current density (electron- 
hole recombination rate), operating duty cycle and laser 
fabrication defects. Laser structure and type of material 
used are also important factors in laser reliability. 
PREE= 2:p. 52) 

Operationally, laser failure occurs as ae result 
of transient pulses (which may exceed 10 x Iny) found in 
turning power supplies on and off. These transients could 
result in mechanical damage to the facet. The actual damage 
threshold will vary among lasers and is dependent on struc- 
tural flaws that may exist at the laser facet (crystal de- 
fects such as dislocations and impurities). These flaws 
tend to initiate damage to the laser at much lower levels of 
optical flux density. Methods to increase the damage thres- 
hold by depositing anti-reflective films (SiO, or Al.50 3) on 
the laser facet have proven very successful. The effect of 
this film deposition is to lower the ratio between the opti- 
cal flux density inside and outside the crystal. The one 
problem with this method is that the lowered reflectivity 
also increases In,. Approximate predictions of facet damage 
levels of optical flux can be determined from the following 


equation (Ref. 2:p. 53]: 


P’ (1-R) 
e--= =n ----2->-- (2-3) 
Po (1+R1/2) 2 
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where 


P’/P, = Ratio of critical power levels with and 
without film deposition. 


n = Refractive index of GaAs 
(approximately 3.6) 
R = Facet reflectivity. 


Facet damage 1s generally initiated in the center of the ac- 
tive region under the stripe contact. In this region, opti- 
cal flux densities are at a maximum. 

A milder form of facet damage (erosion) will appear 
over the diode operating life. A typical laser diode will 
exhibit an exponential decrease in output power over its 
lifetime. The reasons for this decrease are many, only 
a few of which will be discussed here. The gradual 
degradation of the laser facet is characterized operational- 
ly by a decrease in differential quantum efficiency of the 
laser and in increase in threshold current Iq,- It has been 
found that facet erosion is much larger in AlGaAs lasers 
than in InGaAsP lasers due to the high affinity of aluminum 
for oxygen. Defects introduced into the recombination region 
during diode fabrication tend to become non-radiative reconm- 
bination centers resulting in a reduced quantum efficiency. 
The degradation of the laser occurs in stages. In the early 
stages, when the density of non-radiative recombination 
regions is low, spontaneous efficiency decreases with only 


minor effects on lasing properties. As operation time 
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increases, dark lines appear in the near field emission 
pattern of the degraded laser resulting in a rapid fall-off 
in the output of the CW laser at room temperature. 

With an increase in temperature, defect propagation 
occurs at an accelerated rate. Therefore, the gradual de- 
gradation of the laser is accelerated, resulting in a shor- 
ter time to failure. It can be shown that the laser degra- 
dation rate increases with temperature following an expres- 
sion of the form exp(E/KT), where E is the activation energy 
(empirically determined), K is Boltzmann’s constant (1.38 
x 107°3 J/K) and T is the operating temperature of the 
laser (Ref. 3:p.130]. Figure 2.5 shows the time required 
for a 20% increase in threshold current as a function of 
ambient temperature. This data was taken from a group of 
Al,0, facet coated AlGaAs laser diodes and shows that the 
average time required for the 20% increase in Ip, increases 
from approximately 500 hours at 100°C to about 5000 hours at 
70° c. Extrapolating the data, it can be seen that at 22°C 
(approximately room temperature) the time increases to about 
10° hours. One other factor which must be considered in 
semiconductor laser design is ohmic contact degradation 
which is common to all semiconductors at high current densi- 
ties. This degradation results from a change in the thermal 
and electrical resistances between the semiconductor materi- 


als and the heat sink over time. The orientation of the 
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chip relative to the mount, as well as the’ solder type 
and soldering method have an effect on the degradation. 

For a more detailed discussion of semiconductor laser reli- 
ability see reference [4]. 

The conclusion that can be drawn from the above dis- 
cussion is that significant benefits can be accrued in 
terms of laser efficiency and lifetime by maintaining semi- 
conductor laser diode operating temperatures relatively 
stable, at or below room temperature. Orders of magnitude 
increases in laser lifetimes can thus be achieved. Various 
other laser parameters may change with diode aging and 
use. The stability of output power is not the single 
most critical utility in long haul communications systems. 
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Figure 2.5. Laser Lifetime to a 20% Increase in Threshold 
Current as a Function of Temperature (from Ref. 2) 


18 


A few other critical issues should be mentioned, including 
(Ref. 2: p. 58]: 
1. Constant output linearity. 


2. Lateral mode changes resulting in a reduced fiber 
coupling efficiency. 


3. Changes in Spectral width over time. 


4. Induced oscillations in optical emmission. 


Available data obtained at RCA laboratories suggests 
that substantial power degradation over time also produces 
lateral mode changes at a given current above threshold. 
Since these lateral mode changes shift with drive current, 
this would surely result in kinks in the power-current char- 
acteristic curves of the laser yielding nonlinear behavior 
of the degraded laser towards end of life. These changes, 
however, would not necessarily result ina_e$ significant 
loss of fiber coupling efficiency because the angular 
divergence of the lateral beam undergoes only modest chan- 
ges. Spectral width may also increase with time [Ref. 2:p. 
59). 

By far the most troublesome issue concerns laser oscil- 
lations. It has been found that some laser diodes initially 
free from output oscillations developed oscillations over 
time despite only minor changes in Ip, or quantum effi- 
ciency. The self pulsations (at frequencies of 300-600 MHz) 


occurred during continuous operation. These oscillations 
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are produced primarily due to the non-uniform carrier den- 
sity along the cavity length caused by defects in the active 
layer, non-radiative recombination at mirror facets, or 
local variation in the current injection caused by process- 
ing defects. Oscillations have been found to increase as 
drive current increases. These same findings also noted 
that optical power emitted from the two laser facets chan- 
ged asymetrically over time. This problem would be most 
serious in transmission systems using "optical feedback" 
(via a monitor photodiode) where the light emitted from the 
back laser facet is used to maintain the D.C. bias at thres- 
hold. It was noted, however, that only some lasers exhibit 
this effect and therefore, can be concluded that it is not 
an inherent laser property but most likely a defect-in- 
duced characteristic which needs to be identified and 
eliminated. From the preceeding discussion it can be seen 
that laser reliability and performance can be enhanced by 
careful design of power supplies, proper operation and oper- 
ating conditions. With this in mind, the next section dis- 
cusses a very unique component which could be added to a 
laser diode transmitter power supply to provide a much more 
reliable and operationally efficient transmission system, a 


D.C. powered thermoelectric cooler. 
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E. THERMOELECTRIC COOLERS 

Thermoelectric (TE) coolers are solid state heat pumps 
without fluids, gases or moving parts. The primary purpose 
of the TE cooler is to take heat away from a body to be 
cooled and carry it towards a heat sink. The main reasons 
for considering the use of a TE cooler (besides the need 
to maintain the laser diode at a relatively cool and stable 
temperature) are its small size and weight, low operating 
voltages, and wide range of heat pumping capacity. Another 
factor is the level of reliability of these components. 

Mean time between failure (MTBF) tests have yielded results 
on the order of 100,000 hours at temperatures exceeding 
100°%c and 200,000 - 300,000 hours at room temperatures. 
[Ref. 5:p. 8] 

In our application, the Lasertron QLM-1300-SM-BH laser 
has incorporated into its package a thermoelectric cooler to 
maintain the semiconductor laser at a nominal operating 
temperature of approximately 25°C, thereby maintaining the 
laser threshold current at 49 mA. Figure 2.6 shows a single 
couple cross-section of a typical TE cooler. The coupling 
is formed by the interaction of the two dissimiliar 
metals (n-doped and p-doped bismuth telluride) to give rise 
to the absorption and liberation of heat as D.C. current 


flows across the junction. 
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Practical use of these TE couples entails combining 
multiple couples into a single module. These couples are 
connected in series electrically and in parallel thermally. 
These unique semiconductor units are commercially available 
in many sizes and heat transfer capacity. In order to as- 
certain which specific device or group of devices should be 
used for a particular application (assuming a cooler was not 
part of the laser package), three system parameters must 
first be determined. These are the desired operating temp- 
erature of the unit to be cooled (T.), the temperature of 
the heat sink (T,) and the amount of heat to be removed or 
absorbed by the cold surface of the cooler (Q,). 

All thermal loads on the TE cooler must be accounted 
for. These loads consist of the active I°R heat load of 
the laser and heat loads of surrounding electrical compo- 
nents which contribute radiant heat to the ambient sur- 
roundings. 

Once these parameters have been quantified, the charts 
shown in appendix A can be used to determine which type of 
TE module should be used and the operating D.C. current to 
remove the desired heat capacity. Power supply stability 
for the cooler is of the utmost importance as the TE device 
is a D.C. device and any A.C. component could be detrimen- 
tal. It is strongly recommended that A.C. ripple be kept 


below 10%. (Ref. S5:p. 5] 
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Temperature control can be handled in two ways, open or 


closed loop. In the closed loop scheme, the cold junction 
(side being cooled) is used as the basis for control. This 
temperature is compared to a reference temperature (known as 


the setpoint temperature) which subsequently controls the 


voltage across the TE module, thereby adjusting the heat 


pump capacity of the device. In the open loop method, the 


power supply is adjusted manually to maintain the tempera- 


ture difference at zero. 
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Pigure 2.6. Cross Section of a Single Couple 
Thermoelectric Cooler (from Ref. 5) 
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F. LASER MODULATION 
1. Modulation Considerations 

Semiconductor lasers are ideal optical transmitters 
in many respects as they are well suited for direct modula- 
tion in an ON/OFF format with relatively high optical power. 
They permit high coupling efficiencies, thereby allowing 
more optical power to be launched into a given fiber and 
subsequent greater distances between repeaters in a long 
haul transmission link. 

GaAs lasers are characterized by fast response with 
rise and fall times of less than one nanosecond. This 
can permit modulation bandwidths of greater than 
one gigahertz. Proper choice of drive circuitry will 
minimize this rise time. In order to achieve the optimal 
analog modulation of the laser (i.e., high speed, minimum 
turn-on delay), the source is biased to an operating point 
on the linear portion of the output curve just above Ij, and 
modulated about this point. This operating condition is 
shown in figure 2.7. A tradeoff that is made in doing this 
however, is the fact that the average power dissipated by 
the laser will be greater, resulting in decreased unit effi- 
ciency. Another drawback of this procedure is faster 
aging of the laser source. For these reasons, the bias 
current should be kept as low as possible, while still 


maintaining the operating point on the linear portion of the 


24 





curve above threshold. A major problem which must be 
compensated for in continuous wave (CW) operation of laser 
diodes is maintaining the stability of the operating point 
over time. Heating and aging both affect Ipy- Laser diodes 
possess a positive temperature coefficient of approximately 
one percent change in Imp, per degree centigrade [{Ref. 2:p. 
166). In order to compensate for these effects, two differ- 
ent feedback mechanisms are provided, temperature and opti- 
cal power (via the monitor photodiode) which adjust the 
drive current bias point to maintain the operating point 
on the linear portion of the output curve. For example, as 
laser operating temperature increases, a thermistor circuit 
senses the change and feeds back a signal to a thermoelec- 
tric cooling circuit (discussed earlier) which provides 
greater cooling capacity to the laser diode TE cooler re- 
sulting in a lower operating temperature. With the monitor 
photodiode, one can utilize its current output (proportional 
to optical power out of the laser diode) as a feedback sig- 
nal to the driver circuit to produce a negative feedback 
closed loop system. This circuit would then automatically 
adjust the drive current to the laser diode based on an 
optical power setting and the actual optical power being 


launched into an optical fiber. 
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Figure 2.7. Operating Point Adjustment for Laser 
Modulation Above Threshold (from Ref. 1) 


2. Modulation Formats 


The particular modulation format chosen for a design 
is extremely important as it can enhance or degrade the 
performance of the particular communications system as a 
whole. The format chosen should tolerate system attenuation 
and/or signal degradation arising from fiber dispersion and 
various sources of noise throughout the system. Binary Digi- 
tal modulation, Pulse Code modulation (PCM), and adaptive 


Delta modulation (ADM) are ideal in these respects for fiber 
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optic communications because of the high signal-to-noise 
ratio’s (SNR) and subsequent low bit error rates (BER) char- 
acteristic of these formats. This is primarily due to the 
fact that the binary signal tolerates large amounts of 
attenuation and signal degradation without the informa- 
tion content, since only a pulse/no pulse decision must be 
made at the receiver. 

The digital format however, becomes quite burdensome 
in regards to bandwidth. For PCM, an analog signal must be 
sampled at a minimum of two times its highest frequency com- 
ponent (i.e., Nyquist rate > 2f,.,). As an example, a sig- 
nal with f,,, = 6MHZ would have to be sampled at a rate of 
12 x 10° samples per second. This is the theoretical mini- 
mum sampling rate to avoid aliasing. Most systems are san- 
pled at three or four times the maximum frequency component. 
If 16 bit coding is desired for high resolution (SNR) we 
we would then require a data rate of 192 MB/second. 

(16 bits/sample x 12 x 10° samples/second) 

In spite of the advantages of digital signaling, ana- 
log, CW applications such as direct intensity modulation 
(IM) offer simplicity and lower cost (no code/decode equip- 
ment required at the transmitter or receiver). One problen, 
however, with laser diodes in CW IM applications is excess 
noise. Near threshold, the light output has wideband noise 


of an amplitude greater than shot noise superimposed on it. 
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This results in reduced SNR’s up to about the 10% point 
above threshold. At this point the excess noise drops off 
to the shot noise level in most lasers. Some lasers how- 
ever, maintain this excess noise well above the 10% point 
above threshold. The excess noise problem is most common in 
regions of kinks (discussed earlier). One other phenomenon 
causing modulation (IM) problems is the self pulsations 
mentioned earlier. The modulation index of these pulsations 
can be quite large (nearly 100%) and therefore potentially 
devastating in IM applications. 
3. Laser Spectral Behavior Due to Modulation 
Various types of spectral changes may occur in the 
semiconductor laser output being modulated (as opposed to an 
unmodulated laser). These changes include the following: 
1. The multimode character of the spectrum becomes 
more pronounced. 
2. Mode jumps may occur. 


3. Spectral lines become frequency modulated. 


Due to fiber dispersion, cases one and two restrict the 
bandwidth that can be achieved. This becomes especially 
critical in transmission systems at wavelengths of 1.5 um 
(dispersion at this wavelength amounts to approximately 16 
ps/km-nm). 

Spectral changes are caused by changes in temperature 


and carrier density in the active region occurring with 
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modulation. The increase in temperature causes a reduction 
in the energy gap of the semiconductor crystal. The result 
of this reduction is a shift of the gain maximum to higher 
wavelengths. For GaAs the shift is approximately 0.25 nm/K 
(Ref lip. 29]. At modulation frequencies below 10 MHz, the 
changes in temperature dominate, while at higher frequencies 
carrier density changes are dominant. This variation in the 
maximum gain wavelength leads to mode hopping. 

Case 3 refers to frequency modulation of individual 
longitudinal modes being superimposed on to the intensity 
modulation. This phenomenon is due to the dependence of the 
refractive index of the active region of the laser on ten- 
perature and charge carrier density. An increase in temper- 
ature causes an increase in the refractive index while an 
increase in charge carrier density causes a decrease in the 
refractive index. This leads to smaller or larger frequen- 
cles, respectively. As a result, the spectral width of the 
individual line may be significantly larger than that of the 
modulation signal. 

Digressing back to the beginning of this section, 
mode hopping occurs when semiconductor lasers are modulated 
at high bit rates. It is therefore desirable to stabilize 
the modulated laser at one longitudinal mode. This would 
result in an increased capacity (BW-distance product) of the 


transmission systen. 
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Numerous methods exist for creating a Dynamic Single 
Mode Laser (DSM). These methods include coupled resonators, 
injection locking, short laser cavities, and frequency se- 
lective feedback. The latter method replaces reflections on 
the laser facets with partial or complete reflection at 
integrated gratings. This group of lasers are known as 
Distributed Feedback (DFB) Lasers or Distributed Bragg 
Reflector (DBR) lasers. A diagram of the structure of the 
DFB and DBR laser is shown in Figure 2.8. In all of these 


methods, the secondary modes show much higher losses than 
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Figure 2.8. DFB and DBR Laser Structure 
(from Ref. 1) 
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the primary mode. Side mode intensities typically yield 
less than 1% of the main mode intensity. A more detailed 
discussion of DFB and DBR lasers along with discussions of 
other methods for achieving DSM stability can be found in 


» 


reference 1. 


G. LASER MODULATION CIRCUIT CONSIDERATIONS 
One critical element in the design of a laser diode 

modulation circuit is the determination of the input imped- 
ence and equivalent circuit of the laser diode and packag- 
ing. The small signal equivalent circuit diagram of a typi- 
cal laser diode is shown in figure 2.9. This figure shows 
not only the equivalent circuit of the laser but the parasi- 
tic elements of the package. The current i, in the series 
circuit R,,, Ls, and R,5 corresponds to the light output 
power. The values of the parasitic elements of the active 
layer are dependent on the laser drive current. Typical 


values for these elements are given in Table 2.1. 
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Figure 2.9. Small Signal Circuit of a Typical 
Laser Diode (from Ref. 1) 


Table 2-1. 
Parasitic Element Values for a Packaged BH Laser 
(from Ref. 1) 


I(mA) Coc(pF) Cy (PF) Ry Roi (m8 Roo (UM) Le (PH) 
20 10 380 1.23 7 23.4 34.0. 7.07 
25 10 381 0.829 24.1 11.8 4.19 
30 10 382 0.628 24.7 6.0 3.01 


The capacitance between contacts and series resistance 
are accounted for by C, and R, in figure 2.9. With laser 
current above threshold, the impedance of the active layer 
of the laser diode is relatively low compared to the imped- 


ance of the remaining circuit (on the order of 0.25%). 
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Therefore, the active layer can be modeled as a short cir- 
cuit. Because of the direct relation between drive current, 
optical power and the low laser impedance, the modulation 
drive circuit should be a current source with a high 
internal impedance as compared to the input imped- 
ance of the laser. [Ref. 1l:p. 33] Summarizing the above, 
laser diodes present a low impedance when "on" (lasing) and 
a high impedance when "off". Modulation signals may encoun- 
ter an impedance mismatch at the laser diode and be reflec- 
ted back toward the source. If the reflected energy is not 
entirely absorbed by the source, undesirable effects may 
occur. In the case of analog modulation where a continu- 
ously varying signal is added to a fixed D.C. bias, and the 
modulation signal is reflected from the diode towards the 
generator, there may be a phase difference between the gen- 
erator drive and the reflected signal. If the output imped- 
ance of the generator matches the impedance of the transmis- 
sion line to the source, the reflected energy will be ab- 
sorbed. If all of the energy is not absorbed it will again 
travel down the line to the laser permitting standing waves 
to develop causing the power to the laser diode to vary with 
cable length and drive frequency. This would tend to cause 
unwanted distortion of the optical signal and may even over- 
drive the laser. Because of these potential problems, the 


following design considerations should be made: (Ref. 6:p. 8] 
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1. Modulation signal generator output impedance 
should match line impedance. 


2. D.C. bias is combined with the high frequency 
modulation signal as close to the laser diode 
source as possible. 

3. A current limiting device should be incorporated 
into the drive circuit design to prevent overdrive of 


the laser diode, resulting in catastrophic damage to 
the laser. 


H. LASER FREQUENCY RESPONSE/TRANSIENT RESPONSE 

The final matter to be addressed with regards to 
laser modulation is the response of the laser to high fre- 
quency modulation. Since this design covers CW operation, 
a laser biased above threshold having a sinusoidal modula- 
tion superimposed on the steady current will be analyzed. 
In most lasers, the modulated optical power is found to go 
through a resonance. This resonant frequency depends on the 
laser bias level. The cause of the resonance is the inter- 
action between the optical power density and the excess 
carrier density in the resonant cavity (active region of the 
crystal). An increasing current leads to an increase in the 
carrier concentration after a short time delay. This then 
results in an increase in the radiation recombination den- 
sity, and after a further delay stimulates recombination and 
causes carrier concentrations to fall. It is because of the 
time delays that the fall overshoots an equilibrium value 


and oscillation occurs. The optical frequency, then, is a 
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function of the optical decay time constant, tone and the 
carrier recombination time constant, tsp: The interactions 
are non-linear and the resonant frequency depends on the 
amount by which the laser bias exceeds threshold. The reso- 
nant frequency curves can be fitted to the following rela- 


tion (Ref. 7:p. 342): 


P (w) Wo? 
~----- # w2ses--3-------- (2-4) 
P(0) (Wo *-w2) + JBw 
where 
P(w) = Optical power density as a function of 
modulation frequency 
Wes = Laser bias level 
Wo = Resonant frequency 


W = 2tmrf (Sinusoidal modulation frequency) 
Bo = Iop/t¥splen 


2 
Wo = (Ly - Ten) /tsptpnten 


The optical time constant, toh: is basically the 
average photon lifetime within the cavity, and can be found 


by the following relation [Ref. 7:p. 342]: 


Bee eee (2-5) 
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For GaAS u = 3.6 anda typical value for 4.43) is 2000 
m7, This results in an optical time constant of approxi- 
mately Six picoseconds. The carrier recombination time 
constant, tsp, can be assumed to be approximately 10 nano- 
seconds. Therefore, with I, = 1.2 I,,, the resonant fre- 
quency would be about 0.3 GHz. 

Another situation which is a function of radiation/ 
carrier resonance is laser "switch-on" characteristics and 
behavior. Because of the laser resonance, following the 
switching on of modulation drive current, the laser output 


exhibits a "ringing" transient response as shown in figure 


2.10. 


OPTICAL POWER OUT - 





Figure 2.10. Transient Response of a Typical Laser 
Diode (from Ref. 6) 
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Although the maximum current level has some effect on in- 
creasing the ringing frequency and narrowing the optical 
spectrum, it is the level of the bias point which is the 
primary factor. As the bias current is raised from zero 
towards and past threshold, the delay time decreases, the 
level of ringing is steadily damped out, and the average 


spectral width is significantly reduced. 
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IIIf. SCHEMATIC DESIGN AND DESCRIPTION 


A. UNIT DESCRIPTION AND FUNCTIONAL LAYOUT 

The approach to the design of this laser diode drive 
unit consisted of separating the unit requirements into 
functional blocks. Each of these blocks was then designed 
independently with interface requirements for each sub-unit 
taken into consideration. This approach provided for an 
efficient method of incorporating the many desired features 
and laser drive requirements into the aggregate unit. Con- 
struction of the unit was also made more efficient as each 
sub-unit was put together and tested independently of the 
others. This resulted in a thesis project made up of many 
smaller circuit design projects. 

1. Functional Layout 

A functional block diagram of the laser drive unit 

is shown in figure 3 sds As can be seen, there are 
basically four functional blocks to this design. These 
include the power supply, front panel control and display, 
laser drive circuit and modulation circuit. A fifth block 
is shown which represents the laser diode and its associated 
feedback signals. A complete description and schematic 


of each functional block is included later in this chapter. 
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Figure 3.1. System Block Diagram 


2. Subsystem Interfaces 
Figure 3.1 shows that the unit’s power supply cir- 
cultry provides D.C. power to all of the remaining 
subunits. The primary voltage levels provided are +\-5Vdc, 
+\-12Vdc, and of course a common ground. The laser drive 


Circuit produces the appropriate D.C. bias current and 
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provides it to the laser. Various taps off of the drive 
Circuitry are made and are able to be sent to the front 
panel display unit (i.e., bias current, laser temperature, 
optical power, etc.) via a set of DIP switches. The modula- 
tion circuitry is connected in parallel with the laser diode 
and provides a modulated input to the laser diode superinm- 
posed onto the D.C. bias current. As can be seen from the 
diagram, various feedback signals are sent back to the drive 
circuitry from the laser diode. These signals include laser 
temperature (from thermistor) and optical power from the 
rear facet of the laser diode onto the monitor photodiode. 
Both of these signals are used to control the D.C. bias 
current driving the laser over its lifetime, and the opera- 


tion of the TE cooler via control of its drive current. 


B. POWER SUPPLY DESIGN 
1. Voltage Requirements 

The primary voltage requirements of this unit are 
+\-5Vdce and +\- 12Vdc. Since the source of power for this 
project is a set of 6V batteries, DC to DC conversion and 
regulation becomes important. A key element, however, in 
DC to DC conversion process is conversion efficiency. 
Typically, the conversion process causes significant power 
losses which must be accounted for in any system power bud- 


get employing DC to DC conversion. 
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2. Circuit Description 

In this design, it is required to produce 5v from 
the 6V battery sources. It is also important that all volt- 
ages supplied to the system be regulated. Therefore, to 
achieve a regulated +5Vdc, a Motorola MC7805 three terminal 
positive voltage regulator is used. There are many charac- 
teristics which make this a very good regulator for our 
purposes including: 

1. Output current capacity in excess of 1 amp 

2. Little or no external components required 

3. Internal thermal overload protection 

4. Internal short circuit current limiting 
A schematic of this 5V regulating circuit is shown in figure 
3.2. As can be seen, a common ground is used between the 
input and output voltages (this is required) with the input 
and output capacitors primarily employed to improve the 
transient response of the circuit. 

In order to produce the -5Vdc (regulated), a Linear 
Technology LT1054 switched capacitor voltage converter and 
regulator was employed. The primary advantage of this de- 
vice is its high output current (up to 100 mA) with very 
small voltage loss (1.1 volts @ 100 mA). The LT1054 also 
provides voltage regulation, a feature not normally avail- 


able on-chip with switched capacitor voltage converters. 
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Other key features include: 

1. Operating range 3.5V to 15V 

2. External shutdown capability 

3. Ability to be paralleled 
The internal oscillator (switched capacitor switching fre- 
quency) of the LT1054 runs at a nominal frequency of 25 kHz. 
This corresponds to the frequency at which voltage losses 
are at a minimun. 
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| Voltage Reguiator 


cee Cin Cout 


OUTPUT 
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Figure 3.2. Power Supply 5V Regulator 


A schematic diagram of the LT1054 used as an inver- 
ter/regulator is shown in Figure 3.3. As can be seen, the 
input voltage is the 6V battery with an output voltage of 
-5Vdc. The resistor Rl is 20k ohm for any desired output 
voltage (as per manufacturers data sheet recomendations). 
Frequency compensation is accomplished by adjusting the 
ratio of C;, to C,,,- The optimal ratio is approximately 


1/10. In order to provide good load regulation, Cl should 
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be approximately 0.047 uF for all output voltages. Regula- 
tion performance of the LT1054 is very good with peak-to- 
peak output ripple determined by the output capacitor and 


the output current. 
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Figure 3.3. Inverter/Regulator Circuit for -5Vdc Output 


This ripple voltage can be approximated using the following 


relation: 


Vop = -7--o (3-1) 


Iout = Output Current 

Vop = Output peak to peak Ripple 
Cout = Output Capacitance 

d = Oscillator Frequency 


Using this relation and actual circuit values from figure 
3.3, the following ripple voltage is determined for the 


circuit constructed: 


R2 = R1{-------- + 1) (3-2) 


With a desired Vout = ~5Vde and R1 = 20k ohm, the above 
relation yields an R2 = 102k ohm. This configuration yields 


V = -5V @ 100 mA. 


out 
With +\-5Vdc now provided, there still remains the 
problem of generating a regulated +\-12Vdc from the 6V bat- 
tery. For this the LT1054 was again employed using two of 
them to provide both the required voltages. Figure 3.4 
shows the schematic of this circuit. This configuration of 


LT1054’s is designed to provide 25 mA @ +12Vdc and 25 mA @ 


-12Vdce. Since more than 25 mA at each voltage is required, 
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this circuit was duplicated four times and connected in par- 
rallel to provide 100 mA of output current capacity at each 
voltage polarity. Actual results netted 32mA of output cur- 
rent at both voltages for each of the configurations shown 
in Figure 3.4. The power supply unit was then loaded with 
the remaining subunits of the entire system and operated 


satisfactorily with little or no voltage drop while loaded. 
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Figure 3.4. +6V to +\-12V Converter 
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C. FRONT PANEL DISPLAY 
1. Functional Description 
The primary component of the display portion of the 
display sub-unit is an autoranging digital multimeter (DMM). 
This DMM is switchable between the various parameters that 
need to be measured and displayed from the other portions of 
the laser drive unit. The following parameters are avail- 


able for display: 


1. Current Limit Setting 
2. Laser Bias Current 


3. Total Drive Current (Sum of Bias Current 
and Modulation Current) 


4. Optical Power (From Photodiode) 
5. TE Cooler Setpoint Temperature 


6. Laser Operating Temperature 


These parameters are received from taps off of the respec- 
tive test points in the circuit and routed to a six position 
switch for operator selection of the desired display para- 
meter. The output of the switch is sent to pin 3 (analog 
input) of the MC14433 A/D converter chip. 
2. Circuit Description 

The function of the display unit centers around the 
Motorola MC14433 analog-to-digital converter. This single 
chip A/D converter utilizes a modified dual ramp integrating 


technique to perform the A/D conversion. The single input 
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to the chip provides for conversion of all ranges and func- 
tions in analog voltage/current format. The output is 

3 1/2 digit multiplexed binary coded decimal (BCD), con- 
taining the digits, polarity, and over or under-range in- 


formation. Figure 3.5 shows the schematic diagram of the 


display unit. 
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Figure 3.5 DMM Display Unit 
(adapted from Ref. 8) 
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The MC14433 requires an external reference voltage 
for use in performing the ratiometric integrator computation 
conversion. The desired input range is 0 to 1.999V and 
1.999 mA to 1.999 Amps. The display requires a low voltage 
power supply of +\-5V, which is provided by the power supply 
unit described earlier. The critical external components of 
the MC14433 include the 470K ohm integrator resistor which 
operates in conjunction with the 0.1 uF integrator capaci- 
tor. These components are connected between pins 4, 5, and 
6. The 0.1 uF capacitor connected between pins 7 and 8 acts 
as an offset capacitor. The 316K ohm resistor between pins 
10 and 11 sets the frequency of the internal clock. This 


frequency can be determined by the following relation: 


f, = 0.22 x R, (3-5) 
where 
£. = Desired clock frequency (in Hz) 
R, = Clock setting resistor 


The total A/D conversion time is approximately 16,400 clock 
periods (Ref. 9:p. 3], therefore, the conversion rate can 
be determined by dividing the clock frequency by 16,400. 

The configuration shown in figure 3.5 yields a clock fre- 
quency of f£, = .22 x 316K ohm = 69.5 KHz. and the conversion 


rate is 69.5 KHz/16,400 = 4 conversions per second. 
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Other major components in this design include the 
Motorola MC14511 BCD-to-7 segment driver, the MC1413 lamp 
driver, and the MAN6740 and MAN6750 7-segment LED display 
units. The MC14511 receives from the MC14433 chip, BCD data 
and provides drive current to each of ithe MAN6740 and 
MAN6750 LED displays according to the BCD input data. Fig- 
ure 3.6 shows the pin to segment drive configuration. The 
Motorola MC1413 is primarily an array of darlington transis- 
tors which primarily function to provide drive for the 
LED display cathodes. This function is accomplished by 
utilizing the digit select (DS1-DS4) outputs of the MC14433. 
The digit select output is high when the respective digit 
is selected for display. The multiplexed BCD outputs con- 
tain three digits of information during DS2, 3, 4 with the 
1/2 digit, over and under-range information, and polarity 
avallable during DS1. 

The constructed unit was tested over its full range 
of operation. Since a reference voltage of two volts was 
chosen, this allowed for an input voltage range of 0 to 2.0 
volts. Full scale output from 0 to 1.999 volts was achieved 
with good response time (A/D conversion time) between input 
and output. Accuracy of the digital output was within one 


percent (0.010). 
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MC 14511 





Figure 3.6. Pin to Segment Drive Configuration 
(from Ref. 14) 


D. LASER DRIVE CIRCUIT 
1. Description 
Of primary importance in the design of this driver 

circuitry was the stability and accuracy of drive current 
supplied to the laser diode. This is to ensure safe opera- 
tion of the laser diode at the desired operating point. 
Numerous protective and control features were incorporated 
into the circuit to achieve this. These features include: 

1. Current Limit capability 

2. Negative feedback of optical power 


3. Switch on/Switch off transient protection 
(Control logic) 


4. Low pass filtering of bias current to filter 
high frequency current components 


5. A.C. coupling to modulation circuit 
6. Seperarate control of D.C. bias and A.C. 


modulation current 
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Figure 3.7 shows a schematic diagram of the laser 
diode drive circuit. The primary driving elements of this 
circuit are the Elantec EL2020 current feedback amplifier 
and the EL2003 line driver. The control point of the drive 
circuit is the EL2020. This element aoe as a comparator by 
using the bias current setpoint and the current feedback 
from the monitor photodiode (discussed later) to generate a 
control signal to the EL2003 driver which subsequently in- 
creases or decreases the bias current to the laser diode. 
The maximum current that can be supplied to the laser diode 
from this circuit is 100 mA and is limited by the EL2003 
drive capacity. 

The RC network consisting of a 56 Kohm resistor and 
a 1.5 uF capacitor provides for a finite rise time of laser 
current. The RC time constant is 84 milliseconds. Down- 
stream of the EL2003 is a low pass filter (LC network) to 
protect the laser diode from current transients as the oper- 
ating point should be kept as stable as possible. The relay 
in parallel with the laser diode is controlled by the slow 
start control logic (discussed later) and is primarily en- 
ployed for laser protection at startup and shutdown. The 
2N4360 p-FET at the input of the EL2020 acts as a switch for 
the drive circuit and provides for control of the bias cur- 
rent circuit during power up. The p-FET possesses a very 


large OFF resistance and a very small ON resistance so as 


opt 


not to have a great effect on the input impedance of the 
EL2020. The operation of this ’switch’ is also controlled 
by the slow start control logic. The actual bias current 
supplied to the laser diode is controlled by the 2 Kohm 
potentiometer feeding the input of the EL2020. This 
potentiometer performs by changing the voltage divider re- 
sistance which increases or decreases the voltage at the 
non-inverting input of the EL2020. This configuration 
yields a voltage controlled current source which changes the 


drive at the input of the EL2003 line driver. 
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Figure 3.7. Laser Drive Circuit/Bias Current Supply 
(adapted from Ref. 11) 
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This design also utilizes the capabilities of laser 
diodes to provide a current feedback of laser optical power 
via an in line monitor photodiode. This signal is routed 
back to the inverting input of the supply op-amp (EL2020) 
via a set of three transistors configured as a variable gain 
current mirror. This current mirror circuit is shown in 
Figure 3.8. The purpose and function of the current mirror 
1s to change the polarity and level of current from the 
monitor photodiode. This is required as the photodiode is 
normally operated in a reverse biased mode. The current 
transfer ratio is set by the 10 turn precision potentiome- 
ter. The resulting circuit provides a control setting for 


the optical power output of the laser diode. 
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Figure 3.8. Current Mirror Circuit (from Ref. 9) 
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As previously mentioned, the p-FET posesses a very 
small ON resistance and provides for control of the source 
circuit current during powerup. The relay contact shorts the 
laser connections in dangerous situations (i.e. transients, 
power failure, etc.) and is controlled by the associated 


logic circuitry which is shown in Figure 3.9. 
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Figure 3.9. Switch On/Switch Off Control Logic 
(from Ref. 11) 
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The overall operation of the control logic, relay, 
and laser drive is as follows: 
1. Switching laser "on" 
a. Ensure power "on" 
b. Laser drive level set 
c. TO: Command switch set to "laser free" 
d. Tl: Relay 1S powered and contact opens 


e. T2: Laser bias current rises slowly to 
preset level 


2. Switching laser "off" 


a. T3: Command switch set to "laser lock" (Laser 
current decreases to zero) 


b. T4: Relay contact closes, shorting current 
to ground 


The times TO-T4 refer to the times shown in figure 3.10. The 
control logic circuitry provides a very convenient method 
by which to safely power up and power down the bias current 


supplying the laser diode. 


On (ogen: 





(CLOSE 5 By ° =? 


Time 


Figure 3.10. Switch On/Switch Off Sequences (from Ref. 11) 
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2. Circuit Results 

The bias current supply circuit shown in Figure 3.7 
produced an actual D.C. supply current range of between 4mA 
and 100mA. This result was obtained as the 2K ohm potentio- 
meter was brought over its entire range producing a refer- 
ence voltage at the input of the EL2020 over the range of OV 
to 4V. Of course the actual current maximum is limited by 
the current limit potentiometer which provided a current 
limit range of 35mA to 125mA. 

The low pass filter was constructed of a basic LC 
network using two capacitors and ten turns of 30 gauge wire 
around a ferrite core, 1.3 cm in diameter. This filter 
produced a half-power (-3 dB) cutoff frequency of 87 Hz. 
The slow start switch-on/switch-off control logic was tested 
for all possible conditions with very good results. Chang- 
ing of the laser switch control from the ’Laser Free’ to the 
"Laser Lock" position produced a subsequent decrease in 
voltage from 12 volts to 0 volts (24 seconds) on the emit- 
ter leg of the 2N498 transistor feeding the relay. The 
"Power Failure" signal produced the same results, as expect- 
ed. Voltage readings on the drain of the 2N4360 FET feeding 
the bias supply circuit showed the FET to cut off under 
the "Laser Lock" or "Power Failure" condition. A slow de- 
crease in voltage (24 seconds) from 7V to OV was observed. 


This testing showed the correct operation of the slow start 
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and stop of laser supply current in order to protect the 


laser from significant transients. 


E. MODULATION CIRCUITRY 
1. Description 

In order to incorporate this drive unit into a useful 
communications system, the capability to modulate a signal 
and provide it to the laser diode is a necessity. The meth- 
od used to accomplish this feature is shown in figure 3.11. 
This circuit is placed in parallel with the laser diode 
allowing the summing of the bias current and modulation 
current at a common node feeding the laser diode. 

At the heart of the modulation circuit is an Elantec 
EL2020 current feedback amplifier, and an EL2004 FET line 
driver. These devices were chosen for use because of their 
characteristics shown in table 3-1. The 350 MHz unity gain 
bandwidth of the EL2004 yields a very good modulation 
capacity. The input to the EL2020 is the modulation data 
signal (via a 33uF A.C. coupling capacitor) at the non-in- 
verting input, with a single output feeding the EL2004 
line driver, providing an intensity modulated current to the 
summing junction to be applied to the laser diode. A 10uF 


capacitor is included for A.C. coupling to the laser diode. 
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Figure 3.11. Source Modulation Circuit 
TABLE 3-1 
EL2020 & EL2004 CHARACTERISTICS 
ELZ020 EL2004 
Slew Rate 500 2500 V/usec 
Rise Time 25 1.0 nsec 
Bandwidth (Unity Gain) 50 350 MHz 
Supply Current 9 20 mA 
Input Voltage Range +\-5 to +\-15 V 
Max Output Current 33 199 mA 
Input Impedance (Nominal) 5x10 10 Ohms 
Output Impedance (Nominal) 5 6 Ohms 


58 


2. Circuit Resu 

The test signal provided to the input of the modula- 
tion circuit of figure 3.11 was a 10 volt amplitude sinu- 
soid. Output current amplitude was +\-15mA over an opera- 
tional test range of 1 Hz to 250 kHz and increased slightly 
beyond the 250 kHz (up to 50 MHz) toa peak of +\-20 mA. 
Therefore, the intensity modulation of the laser is frequen- 
cy dependent. This must be accounted for when setting the 
bias current and current limit levels to allow for full 
sWing of the modulation signal about the bias point, while 
remaining on the linear, lasing portion of the laser diode 
characteristic curve. The bandwidth of this circuit is 
limited in its present configuration by the 50 MHz bandwidth 
of the EL2020. The bandwidth of the EL2004 line driver is 
350MHz. Therefore, to improve this specification, replace- 
ment of these components with ones of higher bandwidth rat- 
ings is necessary. Most modern laser diodes on the market 
today can be modulated at frequencies in the GHz range as 


discussed in chapter two. 


F. LASER DESCRIPTION/UNIT INTERFACE 
1. Description 
The laser used in all testing of this drive unit is a 
Lasertron QLM-1300SM laser diode. This laser is a GaInAsP 


buried heterostructure laser incorporated into a 14 pin DIL 
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package. Also incorporated into this package is a low cur- 
rent thermoelectric cooler, a precision thermistor and a 
high performance GaInAs monitor photodiode. A Corning sin- 
gle mode fiber is coupled to the laser using a taper and 
microlens coupling scheme to provide for minimal optical 
feedback and good coupling efficiency. Complete specifica- 


tions for the laser are given in Table 3-2. 


TABLE 3-2. 
Lasertron QLM1300SM Specifications (from Ref. 7) 


MIN TYP MAX 
Emmission Wavelength (nm) 1290 1310 1330 
Spectral width (nm, FWHM) -- -- 4.4 
Fiber Coupled Pwr @ Max I (mW) 1.0 1.2 1.4 
Fiber Coupled Pwr @ Im, (mW) ~- 0.005 0.02 
Threshold Current (mA} -- 49 55 
Forward Voltage @ Rated Pwr (V) Rep? 1.4 1.8 
Mon. Photocurrent@ Rated Pwr(uA) 50 100 500 
Mon. Dark Current (uA) -~ 0.1 0.25 
Mon. Rise Time into 50 Ohms (ns) ~~ -- 1.0 
Cooler Current @ 65 C (mA) 500 625 800 
Cooler Voltage @ 65 C (V) pee | 1.24 eS 
Cooler Response Time (sec) ~~ 30 aia 
Thermistor Resist 25 C (KOhms) 9.8 10.0 10.2 
Thermistor Temp. Coef. (%/C) ~- -4.4 -- 
Operating Temperature Range (C) ~20 -~ 65 
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2. Feedback Circuits. 

Figure 3.1 shows two feedback signals from the laser 
diode to the drive circuitry for positive and automatic 
(once settings are made) control of the laser diode output. 
The first of these signals is the optical power output of 
the laser being measured by the monitor photodiode mounted 
at the rear facet of the laser. This scheme allows for 
positive control of the optical power being launched into 
the optical fiber. 

The second feedback signal is that of the thermistor, 
which is for the most part a resistance temperature detector 
which changes its resistance value in direct proportion to 
changes in the laser operating temperature. The resistance 
Change is sensed by the thermistor detector circuit shown in 
figure 3.12 and an appropriate signal based on the setpoint 
temperature (10K potentiometer) is generated and sent to the 
TE cooler drive circuit shown in figure 3.13. The TE cooler 
drive circuit receives this signal as an input to the inver- 
ting input of the MC34004 op amp which feeds the base of the 
TIP125 darlington transistor current source. This configur- 
ation provides up to 600 mA to drive the TE cooler (actual 
drive current is based on the input received from the ther- 
mistor circuit). This scheme yields a closed loop system 
that maintains a stable laser diode operating temperature 


by providing more D.C. current to the cooler as laser 
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temperature increases and less current as temperature de- 
creases. Exact thermoelectric cooler specifications are 


included in Table 3-2 with laser diode specifications. 
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Figure 3.12. Thermistor Circuit 
(from Ref. 8) 
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Thermoelectric Cooler Drive Circuit 
(from Ref. 8) 
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3. Laser Diode Interface with Driver. 


The laser diode is incorporated into the drive circuit 
in parallel with the relay of the slow start control logic 
shown in Figure 3.9. As previously mentioned, this protects 


the laser from start up transients which could damage the 


laser. Figure 3.14 shows the pinout of the Lasertron laser. 


The DIL package utilizes 14 pins. Pin 5 should be connected 
to the unit casing ground for proper grounding of the laser. 
The laser package provides for the two different input sig- 


nals (laser drive, TE cooler drive), and two different out- 


put signals (monitor photodiode optical power out, thermis- 


tor laser temperature). 


PIN 1: COOLER(+) 
PIN 5: CASE GND & LASER(+) 
PIN 7: DETECTOR(+), CATHODE 
PIN 8: DETECTOR(-), ANODE 
PIN &  LASER(-) 
PIN 10: LASER(+), GND 
14 PN 11: 
> THERMISTOR 
MS PN 12: 
. > THERMSTOR 
PIN 14: COOLER(-} 
LASER F- 11 
DIODE 10 


Figure 3.14. Lasertron Laser Diode Pinout 
(from Ref. 10) 


64 


IV. OPERATIONAL PROCEDURES 


A. OPERATIONAL PRECAUTIONS 

Operation of this semiconductor laser diode power supply 
and driver is quite elementary, provided a few precautions 
are observed and strict adherence to start-up and shutdown 
procedures are followed. These procedures should provide 
reliable and accurate operation of the laser diode. Care- 
lessness may cause serious and permanant damage to the drive 
unit and/or the laser diode itself. Since long wavelength 
laser diodes similiar to the type used in this design 
work cost upwards of $2000.00 per unit, careless operation 


can become quite expensive. 


B. UNIT SETUP 
The following procedures should be followed prior to 
powering any laser diode with this unit: 
1. Ensure bias current setpoint potentiometer 
is set to minimum (fully CCW) 


2. Set current limit potentiometer to minimum 
(fully CCW) 


3. Ensure lase switch control set to "Laser Lock" 
4. Setpoint temperature set to desired laser 


operating temperature (Nominally 25 C) 


* NOTE. Current limit operates on the sum of 
bias current and analog input current and will 
protect the laser diode if properly set prior to 
application of a signal to the laser diode. 
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Main power can now be applied to the unit by turning 
main power "ON", The switch provides the six volt D.C. 
power from the batteries to the power supply unit for con- 
version and regulation. Subsequent to main power "ON", the 
following procedures should be followed: 

1. Set current limit setting for the specific laser 
diode being utilized 

2. Set bias current to desired bias point of the 
laser (above threshold current for analog CW 
modulation) 

3. Reverify setpoint temperature at desired 
temperature 

When above parameters have been set, current to the 
laser diode can be applied by switching the laser switch 
control to the "Laser Free" position. This powers the relay 
which is shunting current to ground, and opens the contact. 
Power is now applied to the laser. The laser bias current 
can be changed manually by turning the bias control po- 
tentiometer. Specific knowledge of the laser threshold 
current is essential in setting an appropriate bias level 
for the particular application (i.e., CW modulation above 
threshold, ON/OFF keying both above and below threshold). 
As mentioned previously, sufficient bias must be applied for 
CW modulation such that the sum of bias and modulation cur- 


rent remains above threshold throughout the entire modula- 


tion cycle. 


66 


C. WAVELENGTH TUNING USING THE THERMOELECTRIC COOLER 

As discussed in chapter two, the emission wavelength of 
laser diodes is a function of the operating temperature. 
This 1s due to the fact that the bandgap energy of a semi- 
conductor decreases with increasing temperature. As a re- 
sult, it can be seen from equation 2-1 that the wavelength 
of the laser output will increase as the bandgap decreases 
and the temperature increases. The resulting temperature 
coefficient for a typical laser diode is about 0.3 nm per 
degree celsius of temperature shift (Ref. 2:p. 227]. 
Utilizing this characteristic and knowledge of the emission 
wavelength of the laser at room temperature (25C), the 
laser can actually be tuned to a specific wavelength (within 
a reasonable range) by adjusting the laser operating temp- 
erature with the setpoint temperature control. 

Changing the laser operating temperature directly af- 
fects the output wavelength in almost a linear fashion. 
This capability is probably most useful in a laboratory 
environment or application. However, using the knowledge of 
the relationship between laser temperature and emission 
wavelength, one could use the change in wavelength as a very 


expensive thermometer. 
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D. SHUTDOWN PROCEDURES 
Unit shutdown procedures are for the most part a com- 
plete reverse of the startup sequence. The primary goal 
again, as in startup, is to avoid presenting current or 
power transients to the laser diode and to provide a smooth 
transition from lasing to non-lasing to off. As described 
earlier, this is accomplished quite well with the control 
logic portion of the laser drive circuit. Unit shutdown is 
as follows: 
1. Set laser switch control to "Laser Lock" (this 
shuts the relay and shunts laser current to 
ground 
2. Secure modulation input 
3. Set bias current to Minimum 


4. Turn Main power "Off" 


E. SUMMARY 

The above procedures are intended for use in a labora- 
tory setup. The remote application discussed in the next 
chapter would obviously have application specific instruc- 
tions for setup and subsequent automatic sequencing of 
startup and shutdown. This scenario most likely lends it- 


self to microprocessor control as discussed in Chapter Six. 
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V. PROJECT APPLICATIONS 

A. LABORATORY EQUIPMENT 

The primary motivation for undertaking this particular 
thesis project was to develop a low cost laser diode driver 
capable of driving the available eer diodes presently 
being utilized for laboratory and research work at the Naval 
Postgraduate School. The driver being used at’ present is a 
Spectra Diode Labs (SDL) Model 800 CW laser driver which is 
a general purpose laboratory power supply and diode driver. 
This SDL driver meets all of the present needs and require- 
ments of the Postgraduate School opto-electronics lab but at 
a cost of approximately $2000.00 per unit. The main goal 
then, was to develop a design that would also meet the needs 
of the lab and do so at a substantial monetary savings. The 
target cost for the completed unit was hundreds of dollars 
aS opposed to thousands. 

In the process of design development, it was decided to 
design the unit as a D.C. powered device capable of remote 
use. The unit varies in its applications as an educational 
tool in the lab environment. Actual presentation of the 
operational characteristics of a semiconductor laser diode 
can be demonstrated including the use of a bias point, opti- 
cal feedback, modulation characteristics, and thermoelectric 
cooling including the wavelength tuning of the laser using 


the TE cooler as described in chapter four. The unit as 
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constructed and detailed in chapter three would require 


no design modifications for use in a laboratory environment. 


B. REMOTE LASER DIODE DRIVER 

As stated in chapter one, this thesis is part of ongo- 
ing research at the Naval Postgraduate School involving 
long-haul underwater fiber optic communications links. In 
support of this research, the D.C. powered design of this 
drive unit could be adapted to serve as a drive unit subsys- 
tem for a semiconductor laser being used to transmit signals 
or data from an underwater sensor to a shore station for 
subsequent analysis. 

In order to realize such an application, the unit must 
be capable of operating over a long period of time without 
battery replacement or maintenance requirements. Therefore, 
low power consumption is a must in order to make the drive 
unit practical for this application. Actual power consump- 
tion by the unit designed and constructed is 9.71 watts. 
This measured power is at a nominal operating point (bias 
current @ 50 mA, modulation current @ +\-15 mA sinusoid) 
and would obviously be slightly higher or lower depending on 
actual operating conditions. 

Battery charges and/or replacement is not desirable in 
such a remote system. Thus, the use of CMOS (Complementary 
Metal Oxide Silicon) technology components in the design of 


the driver system is good engineering practice. The CMOS 
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technology is very low cost, widely abundant, has a very 
wide non-critical power supply range, and uses no power 
when inputs are stable (not changing) and very little power 
when circuits are active (changing inputs). This results in 
a very low average power consumption by the CMOS components. 
One other very important characteristic of CMOS components 
is that they are capable of absorbing system noise and gene- 
rate extremely low noise levels during output changes then- 
selves. This is very important in an electro-optic communi- 
cations system as the contribution of electronic noise 
to the system noise performance as a whole is minimized. 
Since this unit would be deployed as part of an entire 
sensor and transmission system in an underwater environment, 
system reliability would be of primary design importance. 
Just as battery replacement in the remote unit is undesira- 
ble, component or entire sub-unit replacement due to failure 
is just as undesirable. The CMOS technology meets the reli- 
ability criteria very well as it is a mature technology 
(although still evolving to higher performance standards) 
with many designs and experience behind the technology base. 
As any design engineer would agree, system reliability is 
only as good as the least reliable subsystem or component. 
For this reason, the transmission system is critical to the 
operation of the communications link. The safety features 


and feedback mechanisms (for protection and control) in this 
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design along with quality components yield a closed loop 
control system which 1s very reliable and self contained 
which is ideal for the remote application. Of course, an 
underwater system would also have to be designed to ensure 
watertight integrity of the system. 

Interfacing a remote sensor with this unit would be 
quite easy as once a particular parameter or data was mea- 
sured or detected, it would be provided to the modulation 
input of the laser driver (after appropriate signal condi- 
tioning) as shown in the schematic of Figure 3.11. This 
signal would then provide for the intensity modulation of 
the laser about the bias point and subsequent transmission 
via the fiber optic link. A system block diagram of a sim- 


ple configuration is shown in Figure 5.1. 
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VI. SUMMARY AND RECOMMENDATIONS 


The primary objective of developing a low cost laser 
diode driver was achieved with good operational results. 

One of the main design problems throughout the course of the 
project was ensuring that all loads were able to be supplied 
with sufficient power. Development of the D.C. power supply 
turned into an iterative process. The overall current load 
is quite significant even with the use of low power compo- 
nents. This is only a problem for the remote applications 
discussed in Chapter Five, where the longest possible bat- 
tery life is essential. 

As mentioned, the design of this unit yielded very 
good operational results, and met the requirements as 
originally set forth. However, during the design, construc- 
tion and testing phases, numerous improvements and added 
capabilities of the unit were considered. Among these im- 
provements was the capability to place the control and dis- 
play unit under microprocessor control. This particular 
feature is available on the Spectra Diode Labs (SDL) model 
800 semiconductor laser diode power supply and driver. 
Figure 6.1 shows a basic block diagram of how the micropro- 
cessor could be incorporated into the present design in 
order to implement this automatic control and display. In 


effect, the microprocessor replaces the DIP switches 
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presently being used to select the input to the DVM for 


subsequent display of the selected parameter. 


Micro 
Presr Parameter 
Inputs Inputs 
uPresr 
1 aan TO 
* a | MUX DMM 


Front Panel 


Indications 


Figure 6.1. Microprocessor Controlled Unit 


79 


Another possible improvement to the design would be to 
increase the modulation bandwidth of the unit. As presently 
configured, the modulation bandwidth is 50 MHz. The pri- 
mary limiting components are the current feedback amplifier 
(Elantec EL2020) and the FET buffer/line driver (EL2004) 
shown in the modulating circuit of figure 3.11. By replac- 
ing these two components with components of higher bandwidth 
ratings the modulation bandwidth capacity of the entire unit 
could be increased significantly as state of the art semi- 
conductor laser diodes are capable of modulation in the 
gigahertz range. 

As was stated previously, this thesis primarily covered 
baseband analog intensity modulation with very little dis- 
cussion of other techniques. For analog baseband signals of 
greater bandwidths, Pulse Position Modulation (PPM) could be 
considered. By adding the flexibility of being able to 
choose between modulation schemes, a more optimal system 
(bandwidth x distance) can be realized. For example, by 
using a PPM format, a significant signal to noise ratio 
improvement over baseband analog intensity modulation would 
result. However, because of the narrow pulses characteris- 
tic of PPM, this format requires a bandwidth expansion of 
the baseband signal which is dependent on the exact SNR 
requirements of the system. Pulse Code Modulation (PCM) 


represents another alternative. This format also requires 
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an increase in channel bandwidth over baseband, but general- 
ly not as great as that for PPM. 

Future improvements to this design may include the 
capability for digital modulation techniques. On/off keying 
of the optical source is the most straightforward scheme to 
implement. In the digital system, Bit Error Rate (BER) 
replaces SNR as the measure of system performance. The 
noise performance of the digital system will in general be 
Significantly better than that of the analog system. Digi- 
tal systems employing ON/OFF keying can tolerate more har- 
monic distortion and exploit the advantages of the semicon- 
ductor laser diode. In the analog intensity modulated dri- 
ver, nonlinear distortion components are produced by the 
source. The major alterations that would need to be made to 
the present design would be a change in the operating point 
of the laser to just below threshold to create a non-lasing 
output representing the OFF state. The bias point should be 
set as close to threshold as possible (but not on or over) 
in order to minimize the laser rise time. Figure 6.2 shows 
this operating condition on a plot of optical power vs. 
forward current. For any binary digital (pulsed) modulation 
technique (PPM, ON/OFF keying,etc.), the use of an FET as a 
current source switch (large bandwidth), is essential for 


optimum speed of response. 


77 


The data rate/bandwidth requirements of a digital sys- 
tem pushing the driver circuitry to its operational limits 
requires the entire transmission process to be A.C. 
coupled. These requirements dictate the need for careful 
consideration of pulse code formats, to provide two level 
unipolar pulses with no DC components in the binary encoded 


strean. 
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Figure 6.2. ON/OFF Modulation Operating Point 


78 


VOLTS tNeUT 


APPENDIX 
THERMOELECTRIC COOLER SYSTEM DESIGN PROCEDURES 
This appendix describes the procedure to be used in 
determining the current and voltage levels required fora 
specific application of thermoelectric coolers. The curves 
shown below are used only as an example and are taken from a 


specific type of TE module from a particular manufacturer. 
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Figure A.1. Thermoelectric Cooler Design Curves 
(from Ref. 5) 
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Figure A.1 shows the graphs to be used in design of an 
appropriate thermoelectric cooler for any application that 
such technology can be applied. In the application of laser 
diode cooling, concern is with the primary heat source, the 
laser itself, however, the heat produced by support circuit- 
ry (radiant heat) must be accounted for. The use of these 


curves are as follows: 


1. Determine available current in amps. 


2. Determine Q, the total heat energy load that is 
generated by the entire unit (in BTU/HR or 
Watts). 


3. Determine heat sink temperature and cold surface 
temperature (T, and T,) in °F. 


4. Using the graph corresponding to the T, temper- 
ature chosen, find the T. temperature on the X- 
axils and go up to the line corresponding to the 
current available and look across to the Y-axis 
to determine the amount of heat that can be pump- 
ed by the TE module being used. 


5. If the heat load is larger than the capacity of 
the module with the given conditions, then a 
second or third module may be required. 


6. The input voltage can be determined by locating 
the T, value on the X-axis and going up the 
chart to the available current line and reading 
off the value on the Y-axis for voltage. 


80 


10. 


yi 


REFERENCES 


Baack, C., Optical Wideband Transmission Systems, CRC 
Press, Inc., Boca Raton, FL, 1986. 


Kressel, H., Topics in Applied Physics . Semiconductor 
Devices for Optical Communication, Vol. 39, Springer- 


Verlag, Heidelberg, West Germany, 1982. 


Powers, J. P., An Introduction to Fiber Optic Systems, 
Class Notes, Naval Postgraduate School, Monterey, CA, 


1987. 


Bowdish, R.G., LT/USN, Reliability of State of the oe 


Long Wavelength Semiconductor Lasers, MSEE rneeine Na 
Postgraduate School, Monterey, CA, March 1988. 


Materials Electronic Products Corporation, Melcor 


Thermoelectrics Technical Manual, MELCOR, Trenton, 
NJ, 1985. 


Spectra Diode Labs, Technical Notes, SDL, San Jose, CA 
1986. 


Gower, John, Optical Communications Systems, Prentice- 
Hall, Inc., London, England, 1984. 


Spectra Diode Labs, SDL-800 Laser Diode Driver Users 
Manual, San Jose, CA, 1986. 





Motorola Corporation, CMOS Integrated Circuits, 
Motorola Corporation, Austin, TX, 1978. 


Lasertron Corporation, QOLM-1300SM Laser Module Product 
Information Sheets, Burlington, MA, 1987. 


Vandewege, J., Peremans, H., Schotte, J., Laser Diode 
Power Supply, Electronics and Wireless World, Sutton, 
Surrey, England, January, 1988. 


81 


al 


B OG 


CSELT, Optica] Fiber Communication, McGraw-Hill Company, 
New York, NY, 1980. 


Linear Technology Corporation, 1988 Linear Data Book 
Milpitas, CA, 1988. 


Elantec Corporation, 1988 Data Book, Milpitas, CA, 1988 


Jung, Walter G., IC Converter Cookbook, H.W. Sams & Co., 
Indianapolis, IN, 1978. 


82 


INITIAL DISTRIBUTION LIST 
No. Copies 


Library, Code 0142 : 2 
Naval Postgraduate School 
Monterey, CA 93943-5002 


Defense Technical Information Center 2 
Cameron Station 
Alexandria, VA 22304-6145 


Department Chairman, Code 62 a 
Department of Electrical & Computer Engineering 
Naval Postgraduate School 

Monterey, CA 93943-5000 


Professor John P. Powers, Code 62Po 4 
Department of Electrical & Computer Engineering 
Naval Postgraduate School 

Monterey, CA 93943-5000 


Professor Rudolf Panholzer, Code 62Pz 1 
Department of Electrical & Computer Engineering 
Naval Postgraduate School 

Monterey, CA 93943-5000 


Commanding Officer i 
Naval Oceanographic Systems Center 

Attn. Mr. William Ehlers 

San Diego, CA 92152 


Lieutenant Joseph C. Cappuccio Jr., USN 3 


433 Haywood Rd. 
Ambler, PA 19002 


83 











Thesis 
C1955 
Coal 


Cappuccio 

Samiconductor laser 
diodes and the design of 
a D.C. powered laser 
diode drive unit. 


DEMLU 


Tree. = Or € r 
=v itt a TIDR MEY 
= ccae 


aa ~ bes 


Saw 
Bess “4 * = “i -_ 
OI . y , Ge? eh x Ss ifs (Sy pe 


ude 











a PPR 1 ONE OF A Bee § BIRR - QPP WET OHS SM SAIPUG A Reg Solel 6 five te 4. Mook 6348 
ptt G8 tal oP Be Ka Ati e Lik SR nT he “BS ADH 1§. bbe o.0 mp Vale-\ Th bck 
B28 AS mip ber Id ahs WE LN Wes Fad ake ek oBbe whlch AAG oS O8 Te Rde Pele die Bh’ OF 
whndtsteteedid dh tape ett Lr ee eee Soe bt er A hee oe ee | 
PAAATA DEAS ohh) Ribs hohe haG.2 haBUAs As BIPINDE “SY, CWhES! wah osad bh Ath: 


pret 4 BA.O.2. Gash Bech A BAR ALE ARE A Let si “sts ee 
atP pe metre hry OPA, £3 85d 2S 0) aR et. LD b eV RDE, & Citipl seh MR ast thesC 1955 . 
Samebides hati Lt ctd LL eee oat ke ae © eee tT OY ent Pee Cee 2h >np.t BA. 6.69 


SOIR hob PRG Ly el a, AG Aes decd ha 5 $i Y Was! eh Lier.0 by . esl are , 
Pee ee ee §— Semiconductor laser diodes and the desig Ha 
ONE OMEAG wes'o, Es ArAXs BADER oT WARDS RA Barty. Af Sedde * Cher wr reat Cee are rt eres ‘ r i eT I Tin : 
UMMM TTT TTT A ATA 
Reh tion WP GRel TLE Mh Ae Ra Rafe Ot, LR wig POS PASS EAS hit tte | \ \| | \| | ] | | i) | i | 
g DORs Roh GOR SE OG one Met BU 8 OATS Oot TAM ou AAR ER! £01 o) PLT ones | WE) } | | | I | | | | 
| | 
WNT | NACL 
| ] | | | 
| | MM | Hi) \ | | | WA Kl | | 
| | ' 
AATB? ARE KO ol Dae BRAS ENE Peth AGC OD i Shrbe bet e@asga, # a Hf, . ni \| | tl | 1] | l \ IN II W VibbB | ’ 
be ASF MMRE RAG he CRANE AACA Ka hshE sy iadrd om SOM MP Lopate h Mh. htm i , ‘i r f 
AAPA LE LA Noh OS4 10% KOGA Of  OPHAKE LORE WVALS.CONT 4S ADNAT OM Jhhw FL A ARTA AiO.44) Bede? 8 te 843 NW is Haat vig 
Peat MAO ALA Othe 8 Ces MME Oot UE 2 BIBS EIA RBA Me 6 GAA IES AAG OM EAD ADE H.UT4 De Th G, BU 3 2 : 
6 

ripe pettld Fok dee tad dedadi te tah eh se a TRL RAL te Pad ell ae Ltt Oe Ce 
DEO GMP OBESE ANE CAREY FARES BEL OP EMG BU) HM Xobe i AED BILE LEM Ow he) 675 18250 
eRAt DAL athe bok ) Th ota PAA. 8 ot AL NWP e eB atl ReNvhe Rab Hibs ath -raRee Bi ae Pied Cet et ee ee | ets Oe ompee ° LD . ; ; : 
AG bid tet pte tok ly A Bite ota anys " 


POARAUE GOOD CPS EE bmrh ALO AS fd RE Rcd, ALARA AGH. RY CARA 6 Ohh Beeld cORh me) Bh: 
FP AULA BeM thal el £24 oth Mi ULWUS i ombA AS) Oeste pnehLterAA GORI b bole 
2 Bie AAR: Er ABSs HU) + Cao trod oh rd - POLVAD RADDA. LahioA0s oF Sool ote AA 4 Gon. FE ar MH obs Moonee at,.2 it A oe 
DUDLEY KNOX LIBRARY Ae: 
PHAR An Metis woh 1S. g g FARE EDEL Lo! CB98 oh Glenda Ps BERIEYE Da RIL AC ATR $MaLGHkak. FH _é 
098 te Lat: deh oh, heh EE DAR Roe e kt &)5) Feb hen) 


aun hoa @ Ae & 
Hlniars Ae, OF Ce are 
fy b hese . : 


















































is tawlbe 4.8 
tre oaks 









shitty alte Paha sip iibhla, ba) eainittela iol, hs ed le AA en ob ieaintd 
eins Dele bi he Le oe el ET ee ee ee ee 
POAT RE gheF ah Ard) Ni KO hati. hS Ob BAeF oh. URE AM UHET Ae BEL eds ello BF. 
Poh OEP DmOsh as ob eF Ads BM sash WK t warded oH FILA! OF Oi 2b) OVI tee oF 


































Rak afin hinMiR! 9 mMot 2 rA'id'wd) Ad TRACK WrLAALAMDAC RELIED. Mi Eins HALEL.S? A 
hp Mel Bob of vont we. ROD AC 4 WOR ATEN Eh meeh. tet ROR Mt Ae Std of ah chad aba A € Myra t 
Meh ha 8. OL. ge A108 wink et ram hieh aah Ele! Bebo he hate & AVE. 8 Eu, 1 € nea qins atk LF lia 





A Ter Coe igen . OP oma s ¢ 1 es ' ’ mre ayaa "oe 4 ‘ P) 
r , 








an ef at" Eb He sagt e (eo wee 1¢ aA 1 
fle GA Ae be 6 6 MPhete de A, Are! = gre £ P f ; 
AB phe Une: S°AS ES wold Lito veg Aine 16's onS¥ rhe sate hom Aok sho OGecar 6 Ob eS MOMS OR ILA de bee ohana xt enmalend fg tet GP tortt Owe eter lh ft ar a . . @ 2 Rn 6 : 
Fedirhns? hivtnert ee HAP Rennes f:soF Oh atat. wht ed 4M Met AREA Lk of & aN! Att ab & 8 «pe CHOC Pat het Fea 6 . ate e . LIED 4.08 
DI OEH A: BAR ae OF UE) WOOP edb he Oy Om O25 ES RR Nine: 10 Lek 6 Be . néz.® © ote Wea gf Gate hw AiO Y ae A ast sa fe e aeer t 
4 nt BR Oot pete’ of ab Aen AM OA anil : btated At edsette Ciued don Ss eR tore & mw Lege erte ene ot a: eh ee: 8.< e i iy el 
cal arlahiuintol of Lia ket eat 1 ue eee? 42ORCEO Sd TdoR see MALT! Latolode! Cofdet te) 2 g Be oh Oh ts Le de wa 
Batted ee SHAVE CU Oh EEE Fae as. eZ able 2p bdh Li Rib © aml oheetir'd af ot dog At Meda notat ER ket ne Rh giteses Forte sA patos © ee Ftme . a 4 oo 
Ab oted Nod iod wer ah rh O TS oh btn n DYE TSPK OA of nT hire 9 AS ite AL) oD SHOU sd Roar lenis e i 
labeteetd A iat enAsy ts ehh wok AMO OBES 2h BURG IE! Th PHUAL 0 BA 
eMabmOe se adhd Be ot sb! GA tbe oll eh K et Aibeon®, ono Rutt Aume Boe Per ere war ot aT) 
JAM OGrrnds A. APSE Phe Fie d wht wom Kd) Od War eragas yim ebes' dtc Jatat tin gre hol 
rhea apheapladriet inde, Ube hi eT eel OL Eo at eee me ee ee Beoket oh Sa hte eof ack, 
bdipebits) tare wok tee totedabe ote) Citta Sadbweh A HUE SL yeh Sen VETS «. Cebceom ‘pda seu 
PAD EES of DRM AAT yh 1 Cre PO 2 Det eD a EM_ROA Gha debi wP% AA 607 MoO Os Sib bik wnerp.& Hel Aikde a Didogg “OL eveim, & 
A ee 0 ASO bi? OK rk, ob Hal ooh mah Rpm ye 1 Lae aeRO rd Oh PU not é aye oar a ee ar eee 
Hg MMi dink g lend EMT), Velagnhel of, gue. 19 b # ALP sD owe Gas Aste p Feat 
fred DLs Meee Pes 6 14eten a fam s Rima 8 ae 
AI RO am wSEm-ed “» oF 600 FoR Satoh oS Riba lah intr e ts et # hdee & F 
tid eh Bal eR AMAZE Onhiette Prdsh ar af Mod d od 5@ AHA A Soho vd PEPIY TRIE tip tn paar Mar? Pe a IN 
pas cringe Be* ngeh ew Gee hyrs «9 vem stat che Hed eh ele Biw, omed of Behe Pad ab ce Vet drt Or Mee eee One ot bee Fe ge . on 
ab POs SOAR he RAS RMON yy GR tetal chet Giheh dpa aevetinsiter aot MA Pe. peptides tn A Cad ys th hhh Poh rte ts 8s 
oe a Om stoG VAS Teh ofs Nehengl Mes ohaycecheb on ttohess abou dard Ofertas’ @ Hee Bingrests # neha Utes, eee! Cr ae eto® wey? Beh eotn% SY 
tohetaRehed phot ALOT Ry ADS yl otk AN A Gb rte Maal Smhee tb elidmr eh de? cand Oho yt os @ Jot volifae ht Re 8 1 ‘ 
8 gad My Be Het P oho Bod oh (eh eeMeatwhes ofleLrsieded tte febthalsd ht ternal © , ON a ee lac A = ' . ner er 
Ae Bebe€ Ae Quletecdict hides vin Ah @ Baht fe cel heel diiwet & OC Auty ode FYB ihe reial ghabrechet we FO RP ade OF tk 
OIA £8 08a, # ede Ce Meh les Bib ahe Me Phe Bi Vet oe imbretie vadie Cet %o® nee ‘ ote 4 
esa 


alan 3 $B Mote) GV eh. hots fid 008 Oot FOR Hm! KES bo MAUNR: 208M WO, * he MORES ie oO 
dwt ohdth fuse Ade Odea Lh vb nh sa ANC. FAS Mfc! Lah B AruicENe we eo pO Ra eh CA 

































Cee eet rhe ti | i Gena) 4 e 
tes be ot Ff 6s ¥ ¢«? ! os ‘ 


& A aq @ 


owes 


*t OER .¢ 





















‘et DS & Bhar Rawr’ 
MID. FES oh thw ot thas Bate oF Oxi toh ehhh bela 
* vo er ekos © eo kek 

ata 


















































ey Pt a tee 
wh Paley Ok hi ayaa A Lah Re Met ot 8 Fok PARR ON E eit tifted F Comeh AT hot g 0 6, Me pF "hte gee te 
patral ubaddih ed ak Meh ydhln dt he eR UT Dek n La ee re se ee a ee sect fen yt 8 ‘ one ‘ 
diel eh wird hrtatety ef eletint fh. £4 wt of AiRm ’ Raed JrcP al wie hs Papiawiat teaches Oe Cate ge » 
Mictiminctap ob terol ob che erttee ohyt 0 A ghithd art eetAlme OMA 6 1b ebehyt ¥ 
Repetto hn Bid oh nog tented Bi be bea v t At sOen OO Bat Op woatd F etherg Fes 
Athi ab. Bad j 9 hoy hs vbw hats bat, 8 bad of + Ovteriad (>4pect 4 é a sch 9 geegnte @ t Ot @ e " Cndge @ 
an Dol Raligh oh elias alo bnt bm had 4: A Wintel of sha heta toned 1 ee er ee A 2 A cet Nice 0) SUI AUS RC Oe Che 
of aD Pe 008 EAM ah Oot 0B gl eet teh Beh Coe eP Hab OV GcAV AsV ohat at AIO.U et EL eres wee mre be teh eta a, H tater es e ‘ 
F  drnBeh Aasetiet foster 8 ox chim ob ab, 2P Hi0 ot wad BA hi gt h8. NBEO ant fort MOD Cane oe # hiten bts, 08) DS Mega bat tutor F Boree owes 
azeh. thw eRe ae ot wettest Ox. Pat et 3 Pf FD be PAAR Rnd OF gn rhE ORI BiH he he ERE gt me a elt et oh oo 8 of Ke 
Phin Mh gcd ance maf of net Oe ere coe ee) en eet) i ee | nt £00 Varee 
Bet hats atom p bef 94 Oita wm kl &, : OC abad HeteG Berets bate hol dre cry! « cotutas w otk 
tytinty Mus) Retad baht OR at Tear bol a Pihaat Semis tii he 6h fem esd Foag fe Fy 
ef bahat poe gli bik a posters dure it, Ong Othe 4 108 WAC Ofte er dete ep @ O1Qce"s @ fr ee ‘ . 
Fa jideh hap to Hst WAN 6 BEe deen woke hat eh doth ot 0 pois! VC etishedi fe CO Rep Ow te te bh ees Sie es ‘ « 
wandichs Soest nt, Pubes 90 llat.eM tom Det! babe yh han kiack oh Se OB, Ce ee et a eM ere ere ee ee sha te, phon 
CA date ee Nels Pty 0) Mea edlol het! ge edd |b Oe aia stan fF Fe «wed Fh tye vse Uae Lf wee aes ae 
oe eeet ste Sabie la 08 Ret hi Sete. cele Wei nt Ware totedares are bitte PeAUi eerie O48 Moe att CC ee ee ties 
scat ante AP ad we hao oh OC IH8 26 oi th Wal we rPotadanetss Fwd Zo ie Sedusterih ee aoe 
Wie fs Fae tad o nsknd ie Ola me er eds rte as Opt gwd Fi ot amerrpe 8 
Pokal ob ahi hr One 2 af , WOR BVO got at te e# org mere” en teein £ ] ga 
emmb edn cet Aoded, / Fedatee dts Cbed il ore wn oih I ee ee a 
2 he OR 08S B86 ee ol en ehnbsdil dha eed 4 tab fae 8 FiBL EG 1 Ont ttned se tra Oe Piusete ee 1 agtd4 G0. ote Dace . rue ‘ ##ae Le. ni 
bed a has abort PAM ad » Soh 4 errr Re att BO LST bin) agt recast Tew as tbe oslo Fah gat hee 8 ae eh OO oh a Lee ee p 
BW hod aie ha lad Pastas. § ADM EY oleh Bua’ Fhe DA De bared Woe hae fel’> 6 ae set © 8 bebe 2 ' gee 
dept 1d Tad eee Pigret ede teed & Cn fer me | F tute Oke © fea deo nyt pore + Fee 
BAAD ARORA RM hol FSM oh Lol EA ° od eons Obs m 0 cet th sn teh ag ccees OEP 
Aad et Meh AE bs RPE pan eet) bk ; onl Phi oem ch Oh OF act g wots § OM V8 Soa On8 
bakit TS Bah 1h BSA r2 nde e1bt! 6 ob FYMad gan oter b6b pPubel tobe tet kalne Mere Choed teak os oF bes of 
wath th ab aah yb nories oie th feito terleh latter e 5. Poly Faeit of br 0d,08 4 72 at a er re 
OF RM BAP! oA P EYP ons POET TOA Bae OA BARA AA mortal iy « te Ft 1p) oe PR 
Deon cre her: nF MH pte teF Led TK coVeaes . 48 
O0F hd oD wihs 6 dpe 9228 Sede? BE otus 0 ce Fahad > fwcction sefedne Py ee ee aoe 
arnt ye “Set etee re A anes lavage he bat vit ‘ «i Pot oitye ae eede,e fie 
wd Dm pba P Sei Ww nef bere 3 et ob bt, pda? ee ot Gab Gb bim Premeet i bea tyewe 1 4 
cit AD om ed hove Bi PDD tak ae baa g ae igs RU OE gcdes Of gp hebet OF 5, Wh bedebio wt! be Ys FUG 5 = %' 6 gett fe Oe. ' Pian 2 is 
SPeb Parekh 4.) 0 hohe’ hd Pe lod OA ome Fabs oi alad yt xP tot it Fibs 6 8th # come ye Pyrctat’s ¢ yp tet! 6 os dte ebernege ee Pe ee Orta 48 
re Foe teat alta bh a Bob oF 00 of ot a Dok O27 PF ehed betat Lee beds "6G tet 0 0d bat oabavge eh cane Bes oe Ba fet He seneP es nt ‘ aL LL as Pe , oad 
WahF i Re se 0r eR d i be FP Th PAYA ERE IS RE! A WOOP EME ES Oh b tance 1 aagtt cerhobes teeta 8 ew bot 18 OF as i i i a a a ices et CL Lied FS 
Ldcteal dt ded Leaded Labeda Care tol Lat eee eS eh kein te ser met i #2 ae te sa hy a | waar : . 
Dated AF aig ee Dei ht sb a ALE TAT eh oi Ot Pe Peils a: Oooh tee ont Pee be a) ee es obese re oe 
wade C8: ahs omen 0b th Cat fe BRN EIS 3 350d. be phe de®! 3 ghecs co yeas Oe Theda FO se Car dee or ‘ otee ’ 
et Fob PobyReombiary eebheFe? CW id alt Laat Ue a are oo Tat ae oy er prima cen Nels 1 “Gut @ me eee ane ray) ‘ ei eas oe 
' 















tie? pao deine cesta «a tS 
‘ 


oan ule Etre for + 
(empetg entd td et ac eed 





















































































«7a de 
et el 
99 Oaent sw, actahes ost fi a 


























~~ fe 8 























“cn 









































PUM ce! PeeeF bidet Benh ob iil eh hscbe espn k An ae t's Aso tae 68 e 
Lee nde bled chek We el a a oe ee Ey Sed de ee PR eae eee 
SPP aed as ht FIO te Raden hy Fhe Ti deel eth d wee Pa gle ihe Pret ee ’ 
te at 6A ee Ot PNG Ab PEF eered OD ght TPF KH dh Pelee” Wei ot eV Se etsy asus Ie twee 6 ge ea |e eo 
FPL pe Pel gr Bobo Dod sree WO HP itipss abe ones o.IN 6 Od ‘gqne yi s ge # + . 

gra had Fe 9 Pe at hay hen ae & bite Wd paet e 2iete Atl ae | od os eo. CC Sat en ORC fet ' seu@s : 
Liman wohl ne ef Fetal pei de PE ESY ph weet bye af ees ce WF a Pie oS as bie bined em tet 1 og 
bf ceed Kept ol PP er hl tt ee ot ae ee aT oF at Sveal.#s timo 
ai? Pyie Mp dobatebi fede Oobea, 2% WF w6 eset ig pebidor war tus 
LeBed 15 Buss Aade! bad ah HM ea jme eg! TOPPA Pay TP? Tt a 
Be Sed TS 9 Oe at od! BSE ihe Boe beth ag Sad beta eal f S bev Fi.th ite 
Sb ha ® 397 a9GI 6 To A OME EP ee Pee Mo Ree us : @yn #860 
FPO DAFA oF OG AF Pafice’ $04 wm? teh ig Gs Pregl ebel Ve i rth 
Paw iP Be die Fb ee Ia 7 Die Pe VP aes MO. Jef j 
Pe ot ot ee ae I S42 ie fab OTE Aas ye Tet 
Pere he Sing FPA OPES ed OD at ANOS al UE BONA 
SFE VE Fake WO eae AO FTE PAT our ie Se od ed We de Vee 
Fadel iP Ca ha 2d B68 8 BaP ele Sot ts FINS IN A 
Ce re Pah Mat ard SFO ST Pees 
one es ft ie IA THF OP OMIT PLE te Fok te FT 
; Mbeki Maen” Feo PP WI, 

PN ee ee Pee 
oe 2 te ee i 
Pre BAVA EG, od PLS ID ETD aR TE™ 
Fado doa! Yat Get Em ENT yoda E la ee ot l™0 of* 
Fath hie nals FIR CS eG Fe Gai ol FSET : 
Ree Oe! erat Pete Ye ‘ 
PEe OL IG PPC eid, AP OPT 















































































































‘ ofete ese é 
deine Diba ak) ad aL ee i ar ’ Se @&2e" “-« 
Pee. Tw e ob e. Clie wr 
. 


a oh 





’ 
PEPE A ] 1) 






» 
j= 
* 
= 
‘ 
by 


Wer s8 724 2, 
IFS Pe eM # 
PSS One Tuy 
PsP Pa Pyek. RE hPa My 
Fics p~ 8 viewed ey ef 
PU SMLT? “aL 8 
PRHyTA TW e PUP pe 
of SP eh FAP 
roa ary mm sige DP Fs Pt 
F PUP a ERENT FB ed Net | TE 
FATE) > PAD RO IS 0: PEW 
SAP mT RIP Eee . 
SSM, SWE Paes Fp re Pee es EPL. Yee 
moe Bam oy Py Pye B5F4.O PEERS TINS I sls 
Drath, Wee 2 1 hs tok dk cot hk ea 
pF PI FI, Celt EPO BT EP et 
PES FUOMPLEANR Ae! orem eT? B48 
FED PREETI SK NF I 
PSO U TE Ys ENR PN, Bee PAPO Res os ttyy . 
wee eter, Fe SPL rs 8 KH Dees s Te. 
4 teth ip hi thn eh ie he Ld a> Ph Chk en LAS oe 
Peed oP. POPP Tesh" gs a. 
PP ee POSE 3 PS SE Te Sy wi EY 
0 Org OP, Pe aye Op LED mae yp 8 
RP Doe © Gory 2 ROH os ease 
9p Ane, « CA Pr Hye 
a Py EP ot yo Peng o FEI Pee WAR ey 8 ge type 
FOTOS EH ME MS BDz GLA FO sy ges 
FIP PPR me ete uy ye ere ‘ 3 re . ; 
Fg OO NTE PP 937 Pe PS * ; , 
at hawt et oda) ts Cap ee 12 SE Sad th? et th SP ee 2) H 
= eS yee 94S reer -s gw ht hde Pe eae Age oe 
aE SPP FW NCEE. TPO AT si < 
PS ON Meer ey APEAD N=? Drude re rE Ry pS 
* 
s 






BI a. 5 
“et Padre» €.d 


ee 4a 


x. 




















ala, oe HeeM thes 
MEO Ofeies MP yes ee 
























a % 


at te 0p deg es 


ae Oh 











au 





gp pk dl i Wa ip ty pods dy Maida, Sindy" Teiyt Upcart hy 

ieee ® Air's Re Reere hese 7s enw kre Sy 
yours Pere ls ge Penns = > 

‘Pha * “eR MPs & pe = ~ 

Fm MU Rete Oe PES Petey re Ph ew Ma gos 
PRS SM Pert ee  Sogsetedash ee e%, Ae) 

Ee Aw > a ge 9 Se gh) te F Che’ ao FoR. fry Pasting, yt ts. AS i bs : ‘ ~ > 6 

o oem ty SED & 2 PR Pee FE Tee Me Rb nw , Per, AMIR Jaslene Of * ~~ = 

"x BST eT, RARE esc, le Uamyecewse, Say mn , A% . o's 

Pyle Sree ere ty ese FE RENN Fee 


fedspven | PMP decuenmrs,s, 1 * ere fe moo es , : 
ANSON T UE TI NT! SAY COs MAS y ERTIES NS OO, et ef N .- 

d .~, wore TH Sa SPH Qa > > aN ar bh Rm mR eu" & . 2° . ic 
ee Pe ee Pe ae eee | 6 Seow 8 We st ¥ crore, tase K ePur sefog # 

Oana fae HY RG Sp ENE SO On PW Bed pers por topes Sy PUPA OE my De hh aah fe 

Yoo Keg My ?® snoeRie x (Che sy Pere ree! te owe ~ hw ylede, ts ay t ' ’ 

ohe tis Oty We Fe ogee NO eS pepe oe Jee6% fa gem ‘yee 
whe ehapt taba Lichbicodapianty taunts thn hate atekeate tat et et i 
oats my Ean ty Ree He Gn mS very We AR ye Cale MNT ogee hg 
RD OES Some re Sy ft 8 ese gow sey ol© ry Pr OE Fe Gay FHS Oy balk Salt hte held | 
© FE tne, Fe a Gar Pepe Po ore He fg ou Se i eg pepete “uray hye Aa iu gy UO Pep Pe ate owe mei 
Pe pe Ter See 5e OH) POrpe “woabenrgrn repy 0, Perus & ovate ee eee Ce hh Td #9%. vTgee we 
vtavelipadtiphy habe, ustbealie,  aprinpiel dive Ladeaee Woda ted hid inte i) Ley BPR be ane 
SAE OG A Oy UDG MY CPM Oe AH ES BOS PEO TNL ma we a” 
"7 7 Satu, Fe ee Re ae OE te vs we Ae a teh Le 
92k UE Pe hes FE Ln here rie FO ew 8 rey entre | eC 7R” e1tyt 
































7 








7 
eo 
¢ 
5 
« 
a 
e 














> : Pe 3 =e ¥,t s 
our FF Syke Why rete) ee Wy y en © Pree OT Peay et pi ha 
Pe PYRO Py rrpe per ty We Mee Pipe ty Pepe ree, 4 EL hy Vpee setae a. ik 





? o> Pe Oe he Mey nD oy THE, a PEE we & omsertem BP os € 
PE UIOIR Pee Ba Shr ME waver ares He Wye Eley —w'Y OR ewe, 2 Ly, 

nae a Oe Pe Sy Feaqmn og eu! . re te “She ren, veils On Gers Wee . eye eee pe gr hy & 
FETIP Fo 45 Sey OS Or QR PHS Wh enw sn wwe WIESE mee Er 
iy Lillia tps > eh, Lek sim eons i etter hele eee petite! bt dle Bk oe Le 
Fo Peay Pry CP Oy pay 9 AEP re ETE TENE a EYE me 5. PEs Ere Qrayeye re 

ote PLE He eo, 30 oy aterm Oe “oP ee AE mL Oy oe Ve a Et a Ee Foy 















PERE ES ELE LOG SR OE OPEC Vie ger hivg PUTO wep foie 
hh ins A lp dh hetaetetanhed. peel aah! ake, bie Dsttedcniate ts th ahd ok LT Pian . 
an ary ay GNF eT epe Pcp —n «OT Py wake a! pyle Re Axqs: WH e ou 0 th 
Fe ee day ar Ree ie Ry ay tee es a Ts AWS , ROWE Pog fate tte: P 
rhctlean Mlle tr t-te tn: art andl bc tebe astidey Galt Lo a ee eT ee ee a ae te irs 
oFerere he eee ep a re tertile iy Fate OO te eer ny,. ge Hemet YEE Pu PER TLL. a ee ta re a) 
Latteamity dp tata ins, Whe started, inet ned chatted 9409 21 Yevyesee ere ponse ts NOV VO Mg Be a, 
Cae Pele Pere % Pe Ay Ba Pelee ang fee WEE dye & Mensa a) ow legame oO ME &Y 
DG WTOP TETNTS POY Se Mee ela cNTE wlme ie x! WHyves Md ee mater a he de th ae 1h ee . © - 46 
wy Oe UY A Maya sete Fete dae oi Pe he> Rory demernle AS « ®& PPPe PSA ae MMe a? Ce fers ds @ 1 &s 4 
tility Ait: Mined rata hate he in hh da hee tee "eye Pvt OF ue sey © OEE & «© * "ory: » ¥ ¢ 
Oe EGE Twa my Fe See ey Beg by Eek tm aay Ou) RO Se wePers es Mee, 1, EGG, Gate ae ley ‘ as we, i 
Oe whe TE Ter ey tay gree aen & “Se we SET OPUS afy coretitere CR cure: pines 78 D ety Le a lh % We +e iam 8 ! ‘ x 
a 
3 
. 














(7 












VD Me Pa 2 ran Sgn | hE EE He ene OR Te Ay Ree ory PO de PEST MIE ty Om Seah i tye! & ute my . @rr “48 ‘S t ~ : i 5 a 
pel ity inka: <orttyh dh dm natin de Mer ah, in Lelie hina a dah ne LE ; ; : 
we ENE Ie BONE AD 08 Fee Rare -e OP aay 1g Hye 2 OPO? easy Ely yg hgh eH - ) ¥ wut oy w : 
ENE LTTE ES BF he YO Eres ty ree er ON rms wee ew MTF & ¢ we » v2 Le « ‘ te = er Ce ie | em : - U ° 
pry ten ity th fakin Malin tin hind deter, th teas on en Ee eat ale whe Bley ee ia et ae Shy @ ee = 5 on : #8 2 zi 
2 Apttandieiminrlinhet. ty Mendrlant Fx te te phdtt sk un et ae GPO Feet “Sr Bpqre “ape o> woe: 
ahanthe: hepeianadenty, bonditivtsis Ate tho hte, tie bd, toh, th dehy atin acs ta ee. Mat Sead Re way useere eww 
dy liplenty dapttinth Mipietbnt, th ds, nt pdin ba, Whe fe, dd de ie ee ha Je qttrerik wees Se saree 
SORRY FS FE Ee Wy, OE a RTE TECE MM EPMOt 04 eo ey eE ye Far*a fap Gove m Sure i 
He Shomer WH. wre phy ie eye eer "0988, © FU) SE 1m Pe oe ayy ed “TOR TR Ie at x e 
© PO et Carr GR) UD FE Nery “an Oy Gy HH renein tg a! a he de ed oa Ee ie ag 6 utere birw 2 
CSS er OS ye SPE ST PRE, os owreg, y WM urepy UPS ag Fre Fleer CF Pei ee: | terre 4 by ede ww, ene 
© ASAD ITU Bay SH PN HUME Ei By Sy EIS oh IAA OD eG Pas Ey Me eg th! Bas Tee Ths Pg LS fe Oe ‘e% oere we 
OTTO STD SE 19,2 re Se Oy "GC MREMWT OND y feCOTH Ny w APN ns LAPT Uy Gu. WH pive & & bhatt TA eee) my : 
pve, Arty aatite pethlrd ta iene ph tient, 2 atch he, eda tale la Latte he ah tat ee Late ee ‘ Tee a < . u asia © : < 
AE OPER Os OY CH ey POE A® Mag ETT CPM te tel POP yerwedes _benth “WR TVW Re Wy wpe breree Vaee: 6 : 
PRONG ONG 8 He He OTD Rene ey ie aT hw et Yew Bild wou y ty ety Pelee tte ty e-em NU bu em et eat here 3 on o 08 yr fe z= 
intiphtlpteinhty-definhtn thd pedgder td torghtiiie Ute td delta Lia Oe ere Ve MH Beeson 8 ote we eaeg te bee Fe Os eed A oe i ; 
ist , Aedtadsten dcbtaleira Sparta esha ire tatleadod 1 Pew wr ake Oy Wile corte Ay wPye ey gt ON COPY Le ‘s ; 
we SPL RG Wy Oh mye y ae COPPER PSP rE Fey ts gem PEs hE OT tt te ee ee A a ee oo) 
than hep ditrtpdthdaphitcdiadb Aap terpleirddy bmlan tine! ty da: deh dt dé dookes thd ee Th tke to hae dk ne ee es ee ‘ " . a, Pe A LU LFt: bee 2G 
aly Adasen ip cy tarlihk: tell berdtthrade, mekdd Liitglle, ten toe ne i ee WrElra t.e Eire wae 88 & 4 s 
ORY Ms wg wee \G WEUP Crewing Brute he Ve be WU esis eee Feo weet fa eee DT 
kdvthtpdalpAdipnctr-Lorebetitirishetianda Ady tlh! bk tape da 0 een eat, a ee ee a 
sttinin,siteahartigdile’ tapich ten teak teat hes a 09 Ss wal Ele te ra M . br etelsiirmowr als'y 
OER ONG EER 0 erg TS Youper EEO BYTYls © macs e POUT TTe WIM, er 
NE AOE aay 1G My he arate Pye 3 at FI A APO yey) a eh © ADT OK, FEN, Oh ewe 
LET OS © OE FE AT 1 BOOTS LIYE ONE WE ERI, US UPD SMe alos es Che We 
Pht eetaptiy Athen th hdd tn dn Vodintd Adda tn te ok wry * poqv|a sp ‘ee 'GMpp> wR rws 
dep-calp-<th-Ripecheaty- tn Dirt Deer Linetits, edited, 1h den eh de Ghee ta a Eek Dak Sen Be ee 
en eR, EE WERE PER OE WEF Y Ly BY EF ETE TT We Dee © pel, GP 
RAPER 0? EPS HE BA TESOT BU 7D Oy BIE OFPTU FTES OR WITTE A Ew, any, ye 
© Oe Sete ee SE Pe Se UTE Rs fe: ye Oy, & OO OT OR Ree Ore we © Hit Rio mere ees 08h TOR we 
Uy fewer eo rE POY WIR! a OP ew ne pry oT YEO MEIN b “Velh sl whet © oye Er OW, a ¥? ve te mos ® ae at oe i 
ro Ce tebe tee Me be Stadt tbtlin hetie te de th te ead tate Le Pak ob a ee ee 2 | aie a x 
ORCS Py (mee Gy PU) Oe FY MU OAT WE RYl me LEB ace ery Oe WHTe © 
wht beclahahuaiah dip died ln th hein, jb ietedbd-4h tts ke bab Le eh ee PPathes DGG M's e 4 
Dy sohletcingy-ten- cert Madani ty Ah ip ei beedes oa, 2 WV) WE SSR ETe Iria UH MA Ae "30 & . a4 ~ Ol , : 
Wage EM fal ty Arete Mn Me Mee: ey ML, dl aan hee PL) rT Tek 1d he tk Ts le ee a 4 
alte ly tiptantle tell Ra edo hanks oe WR KY les PR Te he & VE TaeNe t 
Lida th ba, 2th Wchllh Lede tn lie Wek Mirdgheitin in Lak en LE he oe a na te ¥ © ere ress 
WPT! Me ve My Ny Me NG Oy ee NORIO a OEE Ses BPE) 01) CIE elk tnt 6 © el 0! ns! 2 
0 MePerg ee ete OM Gilg GH 78 C8 re re FO by M Ft Le Pe he dd ek ek 
Mew = flere ve we E29 HFS WP YF 1 & CKO work 1 s tnt a te ka) VY We hey s &- 
BPE SS OE TOMES Oe ict PE ORME | wee Meme tere Ve “Seer 4 crue CVE ae 
tp haiti ln ely tp endity doy My bdo 4 eda a Ch Od cae co ce bet ae et 
POOR PEED I EMORY "8TH BOUT Ye yoeryOy Ww ys WH Py PP pre sgle Giger Mwre le 
piety ty Lb Li we AGN es Oe 270907et War hh = 98h OsP Wee Ue ep bab Ore k wre wr 
eam 99 Sa ED CEDAETEIH TI OU GPA, Hy tee YOR THT o COME Wy FUP gir -e BEBE ey 
8 y? Fe Peewee ve he™ 8 6 PTS es Ie BOE PER Si Gevr o> & oneny ¥ % 
OES Hy Me wy | OW ENE TE IP SO 5 ee Wier ob re root wee wy ‘a TRA ewe BY 
PORES PS TBD OE © D CP ap aR Wwe EF UR eel erm. reese F FROM SY 
PS NENT wb TIED UBD BMV HY PVA Mah He ERE UTE E TD WME TEE EDs Ae erst 
a hs OW U'ore rer~eTe &-~e *VTHTURK YC Perey. wine "wv ® 
FOO 2 0A ETES Ota yrm re ® raise jk of bon he tk he Ul ee oe nh ee 





o°k Jége se o Oe 2 ze %. 1 vee 2 2 “ & t¢ ane we ee ® N 
© fe ex uAmm t fer sys & 


























» oF Biel ehs AY He a% tg ’ ? et r a ar) 4 












































ae 





© eat enetet mf eigen oh i nat? e" Sr pals@ ME GG B OF? bd A - oe € ts Ave : 


wre wre BR oth |THE “v Ce . ‘ Cy a mk re | ‘ aah ‘ a w * ° 


